Experimental study on enhanced oil recovery (EOR) mechanisms of nanogel combining with low salinity water for carbonate reservoirs by Han, Pu
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
Fall 2019 
Experimental study on enhanced oil recovery (EOR) mechanisms 
of nanogel combining with low salinity water for carbonate 
reservoirs 
Pu Han 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Petroleum Engineering Commons 
Department: Geosciences and Geological and Petroleum Engineering 
Recommended Citation 
Han, Pu, "Experimental study on enhanced oil recovery (EOR) mechanisms of nanogel combining with low 
salinity water for carbonate reservoirs" (2019). Doctoral Dissertations. 2831. 
https://scholarsmine.mst.edu/doctoral_dissertations/2831 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
 EXPERIMENTAL STUDY ON ENHANCED OIL RECOVERY (EOR) 





Presented to the Faculty of the Graduate School of the  
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY 
In Partial Fulfillment of the Requirements for the Degree 






Dr. Baojun Bai, Advisor 
Dr. Shari Dunn-Norman 
Dr. Mingzhen Wei 
Dr. David Wronkiewicz 





All Rights Reserved 
  
iii 
PUBLICATION DISSERTATION OPTION 
This dissertation consists of the following three articles, formatted in the style 
used by the Missouri University of Science and Technology: 
Paper I: Pages 31-57 have been published by Journal of Petroleum Science and 
Engineering. 
Paper II: Pages 58-93 have been submitted to SPE Journal. 





Nanomaterials have been widely studied and applied in the oil and gas industry. 
Among the developed nanomaterials, nano-sized crosslinked polymeric gel particle 
(nanogel) has shown great potential in recovering residual oil and improving oil recovery. 
This dissertation carried out their potential EOR mechanisms and the synergetic effect 
between nanogel and low salinity water. Nanogel used in this study was synthesized 
through the suspension polymerization process in our lab. The morphology, size 
distribution, and zeta potential were studied for nanogel dispersed in brine with variable 
ionic strength. The injectivity of nanogel was elucidated at first to ensure their in-depth 
penetration ability. The oil-water interfacial tension reduction and oil-in-water emulsion 
stabilization were studied with three kinds of nanogel and two types of oil at various 
nanogel concentrations, temperatures, and brine salinities. The core flooding experiments 
have indicated the residual oil can be fragmented and produced out in oil-in-water 
emulsion. This shear-induced emulsification property denotes nanogel can significantly 
improve oil phase mobility, especially for heavy oil. In addition, the diameter of emulsified 
oil drops in the effluent is inversely proportional to the shear rate. The synergistic effect 
between nanogel and low salinity water was found on both wettability alteration and 
interfacial tension reduction. From kinetic adsorption measurements, the adsorption was 
driven by both van der Waals force and electrostatic attraction during nanogel transport 
through porous media. The limestone flooded with nanogel and low salinity water achieved 
a 62.4% ultimate oil recovery. These results suggest that the synergistic effect between low 
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1.1. STATEMENT OF THE PROBLEM 
Based on the World Energy Outlook analysis report, the primary world energy 
consumption is from fossil fuels and the total demand will increase 30% from now to 2040 
(Figure 1.1) (IEA 2019). In the petroleum industry, the carbonate reservoirs hold more than 
60% of the total oil reserves and 40% of gas reserves (Schlumberger 2019). Conventional 
production methods are difficult to meet this rapidly growing demand. A large amount of 
oil cannot be extracted after primary and secondary recovery because of the heterogeneity 
existing in both micro and macro scales in carbonate reservoirs (Sheng 2013). The specific 
deposition and diagenesis of carbonate rocks result in complex textures and pore structures. 
These characteristics caused big challenges in reservoir characterization and exploitation. 
Most carbonate reservoirs (>90%) are proposed to be oil-wet or mixed-wet after aging with 
water and oil, which results in oil adheres to rock surface and hard to produce (Mohammed 
and Babadagli 2015). In a water-wet porous medium, the capillary forces can encourage 
water to enter and displace oil in small pores (Sharma and Mohanty 2013). Because of rock 
heterogeneity, low porosity and permeability, the ultimate oil recovery of carbonate 
reservoirs are usually very low (10-30%), which means a large amount of reserves still 
remaining in the reservoirs (Hao et al. 2019). Especially for the naturally fractured 
carbonate reservoir with viscous oil, the situation can be worse due to the high ratio. 
Therefore, the development of effective tertiary recovery method for carbonate reservoirs 





Figure 1.1. World energy outlook–total primary energy demand (IEA 2019). 
 
 
After primary and secondary oil recovery phases, many conventional EOR methods 
have been widely proposed for carbonate reservoirs, such as surfactant flooding, polymer 
flooding, carbon dioxide flooding, and “smart water” flooding. It has been found surfactant 
flooding can effectively reduce interfacial tension and alter wettability towards more water-
wet (Mirchi et al. 2014). Whereas, the cost of surfactant treatment is usually very high 
because of the excess amount needed and the compatibility performance is unsatisfied in 
harsh reservoir conditions (Sharma and Mohanty 2013). The polymer has been used as a 
co-injectant in water flooding and surfactant flooding to increase the water phase apparent 
viscosity and boost sweep volume (Han et al. 2014). Even it shows great potential in 
sandstone reservoirs, the shear-induced degradation was found during polymer flooding in 
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carbonate reservoirs in a small porous medium (Hashmet et al. 2017). The retention and 
injectivity are still some challengers during polymer flooding. For carbon dioxide flooding, 
the economically successful projects have been reported in Texas, US, with carbon dioxide 
prices less than 1 USD/ft3 (Manrique et al. 2007). But it highly depends on the price of 
source gas, which demands abundant nature sources nearby and available transporting 
pipelines. Additionally, the injection pressure is usually very high to reach minimum 
miscibility pressure. “Smart water” refers to any solution different from formation water, 
such as seawater, diluted seawater, and chemically tuned water, which can break the 
equilibrium of oil-brine-rock system and alter the initial wettability (Austad 2013). Low 
salinity water, as one of the “smart water”, has been identified as an effective EOR fluid in 
both laboratory and field scales (Sohrabi et al. 2017; Al-Shalabi and Sepehrnoori 2016). 
As an environmental and low-cost technology, the combining of low salinity water with 
surfactant, polymer, and carbon dioxide exhibits synergistic effects in many cases (Teklu 
et al. 2016; Khorsandi et al. 2017; Olayiwola and Dejam 2019). But some field pilot tests 
elucidate low salinity water did not boost oil recovery in certain reservoirs (Skrettingland 
et al. 2011). As has been noted, developing a more compatible and more effective EOR 
method for harsh environment in carbonate reservoirs is an emerging topic. 
Nanotechnology has shown its potential in almost every industry, offering 
innovative solutions as a cornerstone of future technologies. In the oil and gas industry, 
nanofluids are expected to bring an effective, economical, and environmental-friendly 
method for enhanced oil recovery. The resistivity of salt, shear, and temperature promises 
the utilization of nanomaterials in harsh reservoir conditions. In addition, the small size 
endows nanomaterials with the ability to inject into and transport through the porous 
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medium. Many researchers have dedicated to the studies of nanoparticles for enhanced oil 
recovery. The inorganic nanoparticles, including but not limited to nano-silica, nano-
metallic oxide, and nano-clay, prefer to adsorb at the oil-water interface and reduce the 
surface energy irreversibly. In addition, the nano-silica could form wedge-like 
aggregations between oil and rock surfaces, which helps to displace the residual oil adhered 
to the rock surface. The nano-sized polymeric hydrogel is one kind of nanoparticles that 
have not only the properties of nanoparticles but also the properties of hydrogels like 
stimuli-responsive behavior, visco-elastic 3D network. As a novel technique, numerous 
studies about nanogel have been reported in lab-scale experiments and field applications. 
Based on the results of a pilot test in Albert, the nanogel treatment shows obvious 
advantages over the conventional polymer flooding for in-depth diversion in tight 
sandstone reservoirs (Irvine et al. 2015a), because the nanogel flooding increases not only 
the displacement efficiency by reducing residual oil saturation but also the sweep 
efficiency by correcting conformance problem. However, some core flooding experiments 
have also claimed that no apparent reduction in residual oil saturation was observed by 
nanogel injection (Lenchenkov et al. 2016). Thus, understanding the transport behavior and 
EOR mechanisms of nanogel is the key to ensure successful treatment in the future. 
However, the mechanism behind this technology is still unknown and may not follow the 
law for materials on large scale. The main objective of this dissertation is to investigate the 
nano-sized polymeric hydrogels interactions with the rock and oil-water interface and the 
potential EOR mechanisms for carbonate reservoirs. The obtained knowledge will help to 
understand the EOR mechanisms of nano-sized polymeric hydrogels and optimizing their 
physicochemical properties for better performances in a certain reservoir. In the 
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meanwhile, the application of low salinity water in combination with other established 
EOR processes (e.g., surfactant flooding and polymer flooding) has been proven to be more 
positive on the enhanced oil recovery (Shaker Shiran and Skauge 2013; Alagic et al. 2011). 
It is worth finding out whether the combination of the low salinity water and nanogel has 
synergy effect on EOR performance. 
1.2. RESEARCH OBJECTIVES AND SCOPE 
This research work systematically investigated the injectivity, EOR mechanisms 
and performance of nano-sized polymeric hydrogels for carbonate reservoirs. The 
objectives can be specified as the following: 
a. Study the injectivity of nano-sized polymeric hydrogels through low permeable 
homogenous membranes and carbonate chips; 
b. Investigate the effect of salinity on the physicochemical properties of nano-sized 
polymeric hydrogels, the oil-water interfacial tension, and the stability of 
corresponding emulsions; 
c. Evaluate the effect of physical factors on the stability of produced nano-sized 
polymeric hydrogel-stabilized emulsions; 
d. Study the dynamic and static adsorption processes of nano-sized polymeric 
hydrogels at the carbonate surface and discuss the potential EOR mechanisms of 
nano-sized polymeric hydrogels. 
e. Evaluate the EOR performance of nanogel with formation water, seawater, and low 
salinity water in different scenarios by core flooding with limestone cores. 
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The objectives have been approached mainly by conducting physical-simulation 
experiments and data analysis. Three research journal articles in the following section were 
written to address the specific tasks: 
a. The first paper aims to study the transport behavior of the nano-sized polymeric 
hydrogels through low permeable porous media. In this work, a series of 
experiments were performed to study the effect of nanogel diameter, pore size, and 
differential pressure on the injection behavior. The hydrodynamic diameter and 
zeta-potential of nanogel were examined by dynamic light scattering (DLS) at 
various salt concentrations. In addition, the pressure drive cross-flow 
microfiltration of nanogel was performed using both membrane filters and 
limestone cores with the effects of salt concentration, pore size, and differential 
pressure. Furthermore, the retention of nanogel on the membrane filter was 
determined by the concentration before and after filtration. The injection behaviors 
of nanogel and corresponding mechanisms are summarized by the matching 
relationship between the diameter of nanogel and the pore size in a low permeable 
porous medium. 
b. In the second paper, three nanogels with different charges were synthesized through 
inverse suspension polymerization and evaluated in brine with various NaCl 
concentrations. The dynamic interfacial tension between decane/crude oil and 
nanogel dispersions was calculated based on the shape of oil droplets using 
goniometer. The oil-in-water emulsions stabilized by the synthesized nanogel were 
prepared through ultrasonic homogenization and evaluated at room temperature. 
The equilibrium emulsion volume and the creaming were used to elucidate the 
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mechanisms of nanogel in emulsion stabilization. The average diameter of oil 
droplets and the equilibrium emulsion volume were used to characterize the 
stability of the oil-in-water emulsions. The shear-induced in-situ oil drop 
fragmentation with the help of nanogel was elucidated by core flooding 
experiments and optical microscopy.  
c. In the third paper, the synergistic effect between low salinity water and nanogel 
was evaluated the combination of nanogel and various brines (formation water, 
seawater, and low salinity water) as EOR agents. through a comprehensive 
investigation on nanogel properties, surface interaction and oil recovery efficiency. 
The hydrodynamic diameter and the dispersion stability were evaluated by dynamic 
light scattering. In addition, this paper evaluated the surface modification ability 
and the kinetic adsorption of nanogel with different brine on the limestone surface. 
Furthermore, the core flooding experiments were performed to study the synergistic 
effect between nanogel and seawater/low salinity water on oil recovery 
enhancement. This paper elucidated the potential EOR mechanisms of nanogel as 
a novel agent cooperated with formation water, seawater, and low salinity water for 
carbonate reservoirs. 
In this dissertation, “nanogel” refers to the crosslinked polymeric gel particle with 





2. LITERATURE REVIEW 
2.1. CURRENT EOR METHODS FOR CARBONATE RESERVOIRS 
More than 60% of the world's oil reserves and 40% of gas reserves are still left in 
carbonate reservoirs (Schlumberger 2019). Especially in middle east, the proportion 
enlarges to 70% and 90% for oil and gas reserves, respectively. However, in most cases, 
the oil recovery is below 30% due to natural fractures, unfavorable wetness, low 
permeability, and heterogenous rock properties. 
2.1.1. Problem in Carbonate Reservoir.  Carbonate reservoirs are consisting of 
sedimentary rocks, such as limestone, dolomite, and chalk. Originally, the rock surfaces 
are water-wet with positive charge with no oil contact (Gomari and Hamouda 2006). When 
crude oil presents, the attraction between negative charged carboxylic group (-COO-) in 
crude oil and positive rock surface results in oil-wet or mixed-wet at reservoir temperature 
(Marathe et al. 2012). Figure 2.1 shows the mix-wet carbonate rock surface due to 
asphaltene component in crude oil. Several EOR methods are proposed to change the 




Figure 2.1. Oil/brine/rock interface condition (crude oil as gray; water as white; rock as 
yellow strip) (Hu et al. 2018). 
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2.1.2. Surfactant Flooding.  Surfactant flooding is widely used as an EOR 
technique in both carbonate and sandstone reservoirs. The structure of the surfactant 
provides amphiphilic properties with a hydrophilic head group and hydrophobic tail in 
nature (Raffa et al. 2016). Based on the electrical properties of hydrophilic head, surfactant 
can be divided into non-ionic surfactants, cationic surfactants, anionic surfactants, and 
zwitterionic surfactants (Gbadamosi et al. 2019). Various surfactant application in 
carbonate reservoirs has been reported in literature. Base on the laboratory core flooding 
tests, it increased an additional 20-30% oil recovery (Kamal et al. 2015). The filed scale 
injection illustrated it has the ability to produce extra 12-30% of the original oil in place 
(Kamal et al. 2017). 
The main EOR mechanisms of this method are pore-scale displacement efficiency 
improvement by oil-water interfacial tension reduction and rock surface wettability 
alteration (Sheng 2015). Figure 2.2 shows the process of interfacial tension reduction by 
surfactant. At the water-oil interface, the hydrophilic head tends to attach in water phase 
while the hydrophobic tails are contacted with oil phase. This process can decrease the 
water-oil interfacial tension by forming a surfactant film. As the interfacial tension 
reduced, the trapped oil droplet could transport the pore throats with low capillary force. 
Figure 2.3 shows the wettability alteration process happened as cationic surfactant 
introduced into the water phase. The anionic component of crude oil (carboxylic group) 
would interact with cationic surfactant by electrical attraction. With the attraction force 
between crude oil and rock surface decreasing, the oil phase is desorbed from rock surface 









Figure 2.3. Wettability alteration by cationic surfactant (Salehi et al. 2008). 
 
 
There are still some challenges for surfactant flooding applied in carbonate 
reservoirs. Decreasing the surfactant adsorption is a significant research topic studied by a 
lot of research groups (Wu et al. 2017; Yekeen et al. 2017). The economic feasibility of 
surfactant treatment is highly depending on the oil price. The high cost limits the 
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application of surfactant flooding, especially during the current low oil-price period. 
Besides, the unsatisfied compatibility performance was reported in harsh reservoir 
conditions (Sharma and Mohanty 2013). Some research revealed the satisfied surfactant 
flooding performance only occurs at certain reservoir conditions, e.g. low water salinity 
and high temperature (Marliere et al. 2016; Roshanfekr and Johns 2011). In high salinity 
water conditions, the surfactant solution is usually unstable due to the separation of 
surfactant with long carbon chains (Yang et al. 2010). However, most carbonate reservoirs 
contain high salinity formation water.  
2.1.3. Polymer Flooding.  Polymer flooding is a notable conventional EOR 
method used all around the world. Adding polymer into the water can incase the viscosity 
of displacing fluid which leads to the increase of mobility ratio. There are numerous 
commercially used polymers for EOR applications. The most widely used polymer is 
partially hydrolyzed polyacrylamide (HPAM). Many applications were reported about 
conventional and chemically modified polymers in lab and field scales, which declared 
additional 5-35% oil recovery from core flooding and 3-11% original oil in place in 
carbonate zones (Li et al. 2018; Zou et al. 2013; Juri et al. 2017). 
The mechanisms are mobility control and disproportionate permeability reduction 
(Seright et al. 2018). In Figure 2.4, fingering problem is caused by the viscosity different 
between crude oil and water which leads to early breakthrough and low oil recovery. To 
increasing the sweep efficiency, the polymer is added into the displacing fluid to increase 
viscosity and form a stable displacing front. Thereby, the more remaining oil can be swept 
and displaced to the production well. The disproportionate permeability reduction means 
polymer can lower the relative permeability of water much more than oil, which diverts the 
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flow into the unswept area. Since injection fluid flowing tends to high permeability zones 
first, the relative permeability of water in these zones is reduced by viscous polymer 
solution. The reduction to relative permeability of oil can be neglected. For this reason, 




Figure 2.4. Mobility control by polymer flooding (Sorbie 1991). 
 
 
The challenges of polymer flooding for carbonate reservoirs are different kinds of 
retention during polymer injection. As Figure 2.5, the mechanisms of polymer retention 
include adsorption, mechanically entrapped and hydrodynamic retention. The adsorption 
of various polymers has been studied by many researchers. It depends on polymer 
concentration, molecular weight, salinity, and temperature. The rest two kinds of retention 
occur during polymer flowing through the porous medium. Because of the retention, 
polymer flooding cannot effectively improve oil recovery in some cases. The chemical 
degradation in harsh environments requires a high concentration of polymer solution. In 
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addition, the conventional polymer tends to shrink and form a balled-up structure in high 
salinity water, which significantly decreases the viscosity of displacing fluid and the 




Figure 2.5. Mechanisms of polymer retention (Thomas 2016). 
 
 
2.1.4. Carbon Dioxide Flooding.  Carbon dioxide flooding has been successfully 
applied for many carbonate reservoirs since 2002. It is the major gas injection EOR method 
in the US because this technology can not only enhance oil recovery but also reduce 
greenhouse gas emission (Aycaguer et al. 2001). Based on the reservoir condition, carbon 
dioxide flooding can be classified into miscible flooding and immiscible flooding. The 
miscible carbon dioxide flooding shows better EOR performance than immiscible flooding 
in both theory and experimental results (Jishun et al. 2015). Another advantage of miscible 
flooding is the storage of carbon dioxide which is important for the reduction of greenhouse 
gas emissions. The carbon dioxide flooding is mainly applied to the reservoirs with low 
porosity and low permeability. T the first carbonate dioxide flooding test of field scale was 
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performed by Shell Inc. in 1958, which exhibited its EOR potential (JIANG et al. 2010). 
After more than 60 years of development, carbon dioxide flooding has become a mature 




Figure 2.6. Miscible and immiscible carbon dioxide projects in US (Jishun et al. 2015). 
 
 
The primary EOR mechanism of miscible carbon dioxide flooding is oil viscosity 
reduction by dissolution or miscibility. When the injection pressure reaches minimum 
miscibility pressure, the carbon dioxide is dissolving in the oil phase and reducing the oil 
viscosity. Thus, more crude oil can be swept by water or other displacing solution. Figure 
2.7 shows the miscible carbon dioxide flooding process. The technique makes carbon 
dioxide condense into the oil phase and oil is displaced by the following water injection. 
There is also some amount of carbon dioxide storage in the reservoir without recovered, 
which is an effective way for greenhouse gas reduction. The reservoir temperature is a 
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crucial indicator for successful treatment because high temperature creases the minimum 




Figure 2.7. Miscible carbon dioxide flooding (IEAGHG 2009). 
 
 
Some challenges come with carbon dioxide flooding for the carbonate reservoir. 
The economic success of carbon dioxide flooding relies on the source of low-cost carbon 
dioxide. Most of these projects are close nature sources and transporting pipelines of 
carbon dioxide (Manrique et al. 2007). The asphaltene in crude oil might precipitate during 
miscible carbon dioxide flooding. For the oil field with heavy oil and high reservoir 
temperature, the extreme high miscibility pressure makes it is difficult to reach miscible 
conditions under reservoir pressure (Wang, Liu, et al. 2010). 
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2.2. LOW SALINITY WATER 
Low salinity water flooding has become an emerging EOR technology for 
carbonate reservoirs in the last two decades. It refers to the water with salinity less than 
2,000 ppm. The advantages of this method are a low-cost, easy operation, and environment-
friendly. From the literature results, it shows moderate oil recovery improvement as a 
tertiary recovery method (Figure 2.8). In some cases, the performance of low salinity water 
flooding did not meet expectation, because the underlying EOR mechanisms of this 
technology is still not fully understood. The field applications have been reported for the 









In 1955, Von Engelhardt and Tunn (1955) found brine salinity plays an important 
role in the flow behavior of fluid through sandstones. After 12 years, low salinity water 
flooding was first performed and produced 14% additional oil through core flooding 
experiments in the lab (Bernard 1967). Both two works proposed clay is the key factor 
affected the results. However, the clay content in carbonates is much lower than 
sandstones. In most cases, the salinity of injection water is not necessary to reach an ultra-
low value for carbonate reservoirs. Diluted seawater is the most commonly used low 
salinity water in these reservoirs. 
2.2.1. EOR Mechanisms.  The underlying mechanisms of low salinity water 
flooding in carbonate reservoirs are proposed as altering the wettability of carbonate 
surface towards water-wet, reducing oil-water interfacial tension, and dissolving carbonate 
minerals (Lashkarbolooki et al. 2014; Chen et al. 2018; Saikia et al. 2018). The 
effectiveness of this method also depends on the formation of brine composition, crude oil 
properties, and reservoir conditions. Even though the complex mechanisms in sandstones, 
most researchers agreed wettability alteration is the most important function of low salinity 
water for carbonate rocks (Derkani et al. 2018). 
Wettability has a critical impact on multiphase, like oil and water, flow in reservoir 
porous medium and flooding efficiency. For an oil-wet reservoir, oil tends to spread wider 
on the rock surface than water. The contact angle between a solid and two immiscible 
phases is the simplest way to determine the wettability. Abdallah and Gmira (2013) 
examined the effect of ions composition and salinity of modified seawater on wettability 
alteration. The results denote certain ions (Mg2+ and SO4
2−) and seawater salinity have 
notable impacts on contact angles. Previous researchers revealed the most significant 
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improvement achieved by using 10 times diluted seawater (Yousef et al. 2010). Figure 2.9 
shows the contact angle of crude oil on the oil-wet carbonate surface in formation water 
and seawater. The rock surface tends to be less oil-wet with seawater, which is consistent 
with our finding by limestone chips. This is the results of the surface interaction of soluble 
ions after SO4
2− introduced by seawater. For diluted seawater, both the surface interaction 
and carbonate dissolution happened simultaneous, which has a synergetic effect on the 




Figure 2.9. The contact angle between carbonate core slabs and oil droplets under 
formation water and seawater (Mahani et al. 2015). 
 
 
The theory of multicomponent ionic exchange was proposed by Zhang et al. (2007). 
The determining ions (Ca2+, Mg2+, and SO4
2−) in seawater cause electrostatic interactions 
between water and oil on the rock surface, which can release crude oil from rock surfaces 
(Song et al. 2017; Korrani and Jerauld 2019). Due to the high concentration of Ca2+ ions 
in formation brine, and especially in combination with high temperatures, the amount of 
SO4
2− ions are usually very low due to precipitation of anhydrite, CaSO4(s). The ions of 
SO4
2− in the formation water appeared to be the active species preventing adsorption of 
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carboxylic material onto the rock surface, which will increase the water wetness of the 
system (Shariatpanahi et al. 2011). Because the carbonate surface is positively charged, the 
negatively charged carboxylic group (-COO-) in crude oil tends to affix on the carbonate 
surface. The bond between these two elements is very strong, which is the reason of oil-
wet on carbonate surfaces. To lower electrostatic repulsion between Ca2+ ions and 
carbonate surface, negatively charged SO4
2− ions adsorb on water-wet sites on the chalk 
surface, which encourages Ca2+ ions to become a new calcium carboxylate complex. Thus, 
the negatively charged crude oil components can be released from the rock surface. In the 
whole process, SO4
2- ions play a role of catalyst in facilitating Ca2+ close to the surface. 
Figure 2.10 shows the effect of NaCl on the ionic exchange interaction at the carbonate 
rock surface. For low salinity water diluted from seawater, decreasing the NaCl 
concentration results in the reduction of non-active ions concentration at carbonate surface 




Figure 2.10. Scheme of NaCl effect on the interaction of ions at carbonate rock surface 
(Fathi et al. 2012). 
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Additionally, the salinity effect on interfacial tension between crude oil and brine 
was investigated in many research papers (Vijapurapu and Rao 2003). Okasha and 
Alshiwaish (2009) found the interfacial tension between crude oil and brine was reduced 
by diluting formation brine two and four times. Lashkarbolooki et al. (2014) denoted salts 
of CaCl2 and MgCl2 have a more apparent impact on the interfacial tension than NaCl. 
However, some other researchers claimed totally different results. As shown in Figure 2.11, 
decreasing brine salinity results in increasing interfacial tension between crude oil and 
brine. This contrary result might cause by the ionic composition and pH of the formation 
water and seawater for the experiments. Tetteh et al. (2017) compared the dynamic 
interfacial tension reduction performance of formation water, seawater, and low salinity 
water. Seawater shows the highest ability for interfacial tension reduction. The authors 
pointed out the ion concentration of SO4








Rock mineral dissolution is supposed to be another mechanism for low salinity 
water flooding. The dissolution happens when the ion concentration gradients existed 
between formation water and injected compositional water. Hiorth et al. (2010) proposed 
the calcium carbonates can be dissolved by lowering the concentration of Ca2+ ions. In 
Figure 2.12, the oil component can be released and disclose a water-wet surface. The 
dissolution anhydrite and dolomite were proposed as a mechanism for oil recovery 
increasing of low salinity flooding (Romanuka et al. 2012; Pu et al. 2010). However, this 
mechanism was disagreed by many researchers. Romanuka et al. (2012) performed core 
flooding experiments with additional oil produced by low salinity water, whereas no 









2.2.2. EOR Application.  Lots of EOR applications about low salinity water 
flooding have been reported. In 1967, the effectiveness of low salinity water flooding was 
first disclosed through core flooding experiments with 14% additional oil recovered by 
decreasing injection brine salinity (Bernard 1967). For carbonate reservoirs, this method 
has reported improved oil recovery up to 20% in the laboratory scale and 7% in two field 
trials (Bartels et al. 2019; Yousef et al. 2012).  
Yousef et al. (2010) performed core flooding experiments on carbonate cores from 
a carbonate reservoir. After oil saturation, the seawater with a salinity of 57,600 ppm was 
first injected and produced 70% of initial oil. There is no more oil recovered after 
increasing the injection rate. An additional 7% and 9% oil recovery enhancement were 
obtained by injecting 2 times and 10 times diluted seawater, respectively. With the 
following 20 times diluted seawater injection, only 1.6% of oil recovery was improved. No 




Figure 2.13. Cumulative oil recovery for seawater and low salinity water with carbonate 
cores. (Yousef et al. 2010) 
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There is a limited number of case studies about low salinity water flooding in field 
scale. Yousef et al. (2010) conducted the first field trial of low salinity water flooding in 
Saudi Arabian carbonate reservoirs and achieved 7% addition oil recovery compared with 
conventional seawater flooding. Besides, Webb et al. (2005) reported seawater improved 
40% oil recovery compared with formation water in North Sea field. 
2.3. NANOGEL 
Nanogels are nanoparticles consist of a cross-linked hydrophilic polymer network 
with large surface area, flexible size (swelling and de-swelling), and affinity to both oil and 
water (amphiphilic) (Sharma et al. 2016). The diameter of nanogel is usually in 20-100 nm 
range which can be adjusted in the polymerization process during synthesis (Sultana et al. 
2013).  
2.3.1. Nanotechnology in the Petroleum Industry.  Nanotechnology has 
successfully gained applications in many areas of life, thereby seen as the modern way of 
creating products, which results in high efficiency of use (Paul and Robeson 2008). In the 
petroleum processing industries, this revolution of nanotechnology is no exception 
(Kapusta et al. 2011). Figure 2.14 demonstrated the research on nanotechnology increased 
rapidly in the oil and gas industries. Various nanoparticles have evaluated and applied in 
the petroleum industry for both upstream and downstream, including exploration, drilling, 
completion, and EOR processes (Bera and Belhaj 2016).  
In the last decade, inorganic nanoparticles, such as nano-silica, nano metallic oxide, 
are nano clay, have attracted more and more attention. Nanoparticles prefer to adsorb at 
the oil-water interface to reduce the surface energy irreversibly. This adsorption procedure 
  
24 
is controlled by the diffusion of nanoparticles from a dispersed solution to the interface and 
the rearrangement of nanoparticles at the interface (Figure 2.15). It was found that 
inorganic nanoparticles can stabilize oil-in-water and water-in-oil emulsions, which are 








Compared to emulsions stabilized by surfactants, nanoparticles stabilized Pickering 
emulsions have more resistance to ions presented in solution. Moreover, nanoparticles 
could form wedge-like aggregations between oil and rock surfaces during nanoparticle 
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flooding, which helps to displace the residual oil adhered to oil-wet rock (Figure. 2.16). In 
addition, four types of permeability reduction mechanisms were provided during the 
transportation of nanoparticles through a porous medium as gravity settling, adsorption, 








Figure 2.16. Disjoining pressure at wedge film (Kondiparty et al. 2011). 
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2.3.2. Nanogel Characteristics.  Nano-sized crosslinked polymeric hydrogel, also 
called nanogel, has emerged as a new generation of material with tremendous applications 
in many fields, such as biomedical engineering, pharmaceutical application, biomaterials 
science, cosmetics, and enzyme catalysis (Mohan et al. 2007; Cheng et al. 2011; Langer 
and Peppas 2003; Thoniyot et al. 2015). The structures of various nanogels are shown in 
Figure 2.17, which provides great potential for different purposes. Nanogels with better 
biocompatibility, higher loading ability, and controllable drug release property have been 
synthesized for drug delivery and enzyme catalyze (Wang et al. 2016). PH responsive 
nanogels, such as polyacrylic acid nanogels, polymethacrylic acid nanogels, poly (2-
dimethylamino ethyl methacrylate) nanogels, polyvinylpyrrolidone nanogels, and chitosan 
nanogels, have been comprehensively studied on their swelling ratio with pH-responsive 
properties (Oh et al. 2008).  
Recently, polyacrylamide-based nanogel has attracted extensive interest in the 
petroleum industry (Suleimanov and Veliyev 2017; Lenchenkov et al. 2019). It has the 
advantages of both inorganic nanoparticles and sub-micron gel particles, such as low 
viscosity, temperature and salt resistance (Liu et al. 2014; Kazemzadeh et al. 2019). 
Additionally, the stimuli-responsive nanogels, such as poly(N-isopropylacrylamide) 
(PNIPAM) and polyacrylic acid-based gel particles, are able to swell or shrink with the 
environmental stimulation and consequently change the rheology of their dispersion and 
the rock surface interface behavior. In the meanwhile, the nanogel is able to reduce relative 
permeability of water more than that of oil because of the hydrophilic polymeric networks 




Figure 2.17. Nanogel classification (Sharma et al. 2016). 
 
 
In petroleum engineering, nanogel has both the advantages of inorganic 
nanoparticles and sub-micron gel particles. When placed into the rock matrix, nanogel 
adsorbed on the rock surface and increased the resistance and residual resistance factor. It 
is necessary to have nanogels with narrow size distribution and good stability in both 
distilled water and saline to investigate the EOR mechanisms of nanogel. Nanoparticles 
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can decrease the contact angle of various oil-wet surfaces and oil recovery can be improved 
through wettability alteration by up to 20% (Ju et al. 2006). By adsorbing at the oil-water 
interface, nanoparticles decrease the interfacial tension and help stabilize oil-in-water or 
water-in-oil emulsions depending on the wettability of nanoparticle (Binks 2002). In 
addition, nanoparticles can help form stable gas in water foam, which has less mobility 
compared to fluids in a formation that has the potential to be used for foam flooding (Sun 
et al. 2014). 
Nanogel is considered an attractive agent for in-depth treatment in heterogeneous 
and low permeable reservoirs (Hua et al. 2014; Irvine et al. 2015a). The nanogel can easily 
transport to the in-depth formation due to the small size of nanogel, which is much smaller 
than the diameter of pores and throats in the conventional oil reservoirs (Almohsin et al. 
2014; Han et al. 2019). The nanogel is able to settle down and divert water or gas flow 
through high permeability zones to the unswept zones and enhance oil recovery when the 
pressure gradient decreases in the in-depth of formation (Wang, Zhang, et al. 2010; Tian 
et al. 2012; Lenchenkov et al. 2016). Compared with conventional in-depth plugging agents 
like in-situ gel, the nanogel has several advantages such as low viscosity (Moraes et al. 
2011; Liu et al. 2014), temperature and salt resistance (Bai et al. 2013). Furthermore, the 
nanogel can adsorb at the oil-water interfaces to reduce the interfacial tension and stabilize 
oil-in-water emulsions (Finnegan et al. 2007; Binder 2005), which helps to improve the 
recovery of the residual oil trapped in oil reservoirs. 
2.3.3. EOR Application.  Numerous oil companies have devoted their efforts to 
develop and applied nanogel in the oil and gas industries. The properties of nanogel, such 
as size distribution, swelling, rheology, mechanical strength, and thermal stability, 
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determined their applications. The mechanical and thermal stability of nanogel promises 
them can be used in the harsh reservoir conditions with high temperature and high salinity 
(Qiu et al. 2016). In field-scale pilot tests, nanogel flooding has been successfully 
conducted and increased oil cut up to 25% in the initial 6 months of the treatment (Irvine 
et al. 2015a). The laboratory experiments claimed nanogel has a lasting impact on deep 
diversion and enhanced oil recovery up to 10% (Suleimanov and Veliyev 2017; Ding et al. 
2019). Previous work illustrated the brine salinity has significant impacts on swelling ratio, 
zeta-potential, and the interfacial tension reduction ability of nanogel (Geng, Han, et al. 
2018). But we are still unknown about the underlying EOR mechanisms. 
Lab-scaled experiments have shown that the nanogel can be a promising deep 
diversion agent for enhanced oil recovery (Suleimanov and Veliyev 2017). Nanogels are 
able to transport in the porous media and form strategic plugging to divert flooding fluid 
to the relatively unswept zones for enhanced oil recovery. In addition, the nanogel reduces 
oil-water interfacial tension and modified rock wettability to improve the recovery of 
residual oil. In addition, the nanogel is able to reduce water permeability through 
adsorption, log jam, and mechanical entrapment in the porous media (Geng, Pu, et al. 2018; 
Lau et al. 2017). Nanogels can reduce the permeability of both high permeable and low 
permeable rock. However, the residual resistance factor in high permeable rock is much 
lower than that of low permeable rock (Almohsin et al. 2014). Different from microgel, 
nanogel preferred to form multilayer adsorption at the rock surface. The thickness of 
adsorbing layer and the adsorbing rate were dominated by the electrostatic interactions 
between nanogels and rock surfaces (Geng, Ding, et al. 2018). 
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Wang, Zhang, et al. (2010) reported that a small amount of oil was produced and a 
steadily increment of injection pressure during the nanogel injection. After nanogel further 
swelled in the sandpack, the injection pressure jumped with oil presence in the effluent, 
which indicated the blockage of the preformed water paths by nanogel. Compared to the 
linear polymer, nanogel is indicated by a pilot test to be ideal for the tight oil reservoir with 
highly variable permeability. The advantage of nanogel that does not increase the viscosity 
of the injection fluid whereas divert the displacing fluid into the not accessed zone by 
progressively confining the pore throat flow pathways, promises nanogel to be a good 
candidate for in-depth treatment (Irvine et al. 2015b). Moreover, nanogel can reduce the 
interfacial tension and help to form oil-in-water emulsions by adsorbing at the oil-water 
interfaces (Geng, Pu, et al. 2018). The crude oil-in-water emulsion stabilized by 
polyacrylamide (PAM) and poly((2-(acryloyloxy)ethyl)trimethylammonium chloride) 
(PAETAC) nanogel maintained a salt-independent stability(Geng, Han, et al. 2018). The 
residual oil was found to be produced in o/w emulsion state during the nanogel flooding 
period in a sandstone core(Geng, Ding, et al. 2018). However, Lenchenkov et al. 
demonstrated the polyacrylamide-based nanogel like to form clusters and retain at the inlet 
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Nano-sized crosslinked polymeric particles (nanogels) have the advantages of both 
nanoparticles and hydrogels for enhanced oil recovery in the oil and gas industries. 
Although some encouraging progress in the application has been made, the transport 
behavior of nanogels through porous media are still not clear. In this work, a series of 
filtration experiments using membrane filter were performed to study the effect of nanogel 
diameter, pore size, and differential pressure on the transport behavior. The equilibrium 
filtration rate, which is a key parameter to indicate the transport behavior during steady 
state, increased from 0.19 to 5.71 mL/min when the pore size changed from 0.05 to 0.8 
μm, and increased from 1.02 to 1.99 mL/min when the differential pressure raised from 10 
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to 30 psi. Experimental results demonstrated nanogels present smaller diameter (105.7 nm) 
and lower absolute value of zeta-potential (-18.9 mV) in 10 wt.% NaCl solution than 
distilled water (295.3 nm and -82.5 mV). The higher salt concentration resulted in a better 
nanogel injectivity (equilibrium filtration rate increased from 0.77 to 4.52 when NaCl 
concentration changed from 0 to 10 wt.%), which indicated the diameter of nanogel is a 
more determining factor than the nanogel strength. When the pore size was smaller than 
~3 times of the naongel diameter, the equilibrium filtration rate became independent to the 
differential pressure and nanogels started to form face plugging on the membrane. The core 
filtration tests demonstrated that the nanogels maintained similar transport behavior 
through the limestone cores and membrane filters that the resistance factor is 26.59 in 
membrane and 18.56 in core with similar pore diameter. The transport behaviors of nanogel 
and corresponding mechanisms are summarized by the matching relationship between the 
diameter of nanogel and the pore size in low permeable porous medium. 




The nano-sized crosslinked polymeric hydrogel (nanogel) is considered as an 
attractive chemical agent that can reduce oil-water interfacial tension and spontaneously 
fragment large residual oil into small oil drops. In addition, nanogels are able to divert in-
depth fluid flow, especially for the low permeable reservoirs. The specific physicochemical 
properties render nanogels the disproportionate permeability reduction behavior that 
reduce relative permeability of water while not affect the relative permeability of oil 
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(Chauveteau et al., 2004). Moreover, the nanogels would adsorb at the rock surface during 
their transportation in the formation and modify the wettability of the pore surface 
(FitzGerald et al., 2007; Saraswathy et al., 2016). Compared with the linear polymer, 
nanogels can divert the displacing fluid into unswept flow paths without increasing the 
apparent viscosity of the injection fluid (Geng et al., 2018b; Irvine et al., 2015). From the 
lab scale study, the nanogel can increase the injection pressure and enhance oil recovery 
both during the nanogel injection and post water flooding (Wang et al., 2010). However, 
the core flooding results showed that the polyacrylamide-based nanogels, which are 
sensitive to the salt concentration, tended to retain at the inlet section rather than transport 
through the core (Lenchenkov et al., 2016). Therefore, the injectivity of nanogels is 
important for the nanogel applications for enhanced oil recovery in the petroleum industry. 
Currently, two kinds of porous media, rock cores and porous filters, were applied 
to investigate the transport behavior of particles through the porous media. The drilled 
cores from reservoir rock can reflect the real underground conditions for the nanogel 
transport. However, the uncontrolled heterogeneity of cores significantly influenced the 
transport behavior of micro- and nano-sized particles (Jensen et al., 2014). To eliminate 
the effect of core heterogeneity and investigate the transport mechanism, porous filters, 
such as the membrane, ceramic filter, and steel screens have been applied to mimic the 
flow behavior of small particles in rock cores (Chen et al., 2017; Kwon et al., 2000; 
Mitchell and Finch, 1981; Seright et al., 2008). Using the porous filter, Song et al. (2017) 
found that the transport behavior of millimeter-sized gel particles was dominated by the 
gel strength in comparison with gel diameter. However, for the micron-sized gel particles, 
the transport behavior was controlled by the size matching between the pore size of 
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membrane filters and the microgels (Lin et al., 2015). In more detail, the microgels are 
most effectively forming plugging when the pore size is 1-3 times larger than the particle 
diameter (Hua et al., 2013). Dai et al. (2017) presented a matching factor, the ratio of 
particle size to pore size, to analysis the plugging ability of soft microgel for in-depth 
profile control. A critical flux was introduced to describe the overall characteristics of 
membrane filtration of the rigid micro-sized particles under the fouling effect (Kwon et al., 
2000). However, to our knowledge, no related works have reported the transport behavior 
of nanogels through the porous media. In our study, the transport behavior of nanogels 
through the porous media was studied using both membrane filters and limestone cores. 
Herein, the size and zeta-potential of nanogels were examined by dynamic light scattering 
(DLS) at various salt concentrations. In addition, we investigated the effects of salt 
concentration, pore size and differential pressure on the pressure drive cross-flow 
microfiltration of nanogels. Furthermore, the retention of nanogels on the membrane filter 
was determined by the concentration before and after filtration. Limestone cores were used 
to characterize the transport behavior of nanogels in porous rocks. The research elucidated 
the transport behavior of nanogels in the porous medium, thus providing insight into the 
design of nanogel applied in petroleum reservoirs. 
 
2. MATERIALS AND EXPERIMENTAL 
2.1. MATERIALS 
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) 
and used as received except further noted. The synthesis of poly(2-acrylamido-2-
  
35 
methylpropane sulfonic acid, sodium salt) (PAMPS-Na) nanogels is a free-radical 
suspension polymerization as reported in our previous work (Geng et al., 2018c). The 
physicochemical properties of the nanogel are listed in Table 1. The cellulose nitrate 
membranes with a 47 mm diameter and different pore sizes were purchased from 




Table 1. Physicochemical properties of the PAMPS-Na nanogel. 
Sample PAMPS-Na nanogel 
Diameter in the dried state 40-60 nm 
Surface charge negative 
Crosslinker to monomer ratio (mol/mol) 0.001 




2.2. NANOGEL DISPERSION PREPARATION 
The dispersions with 1,000 ppm nanogel concentration were prepared by dispersing 
nanogels into solutions with NaCl concentration from 0 to 5 wt.% and aging at 60 °C for 
24 h. After cooled to the room temperature, the dispersions were used for further 
characterization and evaluation. 
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2.3. SIZE DISTRIBUTION AND SURFACE CHARGE STUDIES 
In this study, the size distribution and zeta-potential of nanogels were examined by 
dynamic light scattering (DLS) (Malvern NanoSizer ZS90). The measurements were 
carried out at a scattering angle of 90° with the light source (He-Ne laser, 4.0 mW 633 nm) 
at 25 °C. The nanogel dispersion with a concentration of ~100 ppm was injected into the 
glass cuvette for a typical measurement. The peak of nanogel diameter (number) was used 
as the average hydrodynamic diameter of nanogel in our experiments.  
2.4. FILTRATION MEASUREMENTS USING MEMBRANE FILTER 
The nanogel dispersions were pushed through the secondary-pore membrane filter 
under constant pressures (10, 15, 20, 25 and 30 psi) provided by a nitrogen gas cylinder as 
shown in Figure 1. The cumulative volume of nanogel dispersions was recorded as a 
function of time. The concentrations of nanogel before and after transporting through the 
membrane filter was measured by the UV-Vis spectrophotometer (Shimadzu Mini-1240). 
Herein, the filtration was considered reached their equilibrium state (actually pseudo-
steady state) when the filtration rate changed less than 0.1% in 30 seconds. In the 
experiments, the membranes with pore sizes of 0.05, 0.1, 0.2, 0.45 and 0.8 μm were used.  
2.5. FILTRATION MEASUREMENTS USING LIMESTONE CORES 
The transportation behavior of nanogel dispersions in the porous rock was 
investigated by forcing nanogel dispersions through limestone cores. The cores with the 
permeability of 0.75, 1.5, 5.1, 12.04, 27.97 mD were used in the experiments.  As shown 
in Figure 2, the nanogel dispersion was filtrated under constant pressure (15 psi) by 
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nitrogen gas cylinder at room temperature (25 °C). In the core holder, a hollow cylinder 
spacer was placed at the inlet of core holder to ensure the core surface can fully occupied 
by nanogel dispersion as membrane filter. The filtration experiment for each core stopped 








Figure 2. Scheme of the filtration apparatus with the limestone core. 
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3. RESULTS AND DISCUSSION 
3.1. EFFECT OF SALT CONCENTRATION ON NANOGEL PROPERTIES 
The physicochemical properties of nanogels, especially the hydrodynamic diameter 
and zeta-potential, are significantly affected by the salt concentration. The nanogel 
dispersion (1,000 ppm) with various NaCl concentrations (0, 0.05, 0.1, 0.25, 0.5, 1 and 10 
wt.%) were used in the tests. As shown in Figure 3A, the hydrodynamic diameter of the 
PAMPS-Na nanogel steadily decreased with increasing salt concentration. In detail, the 
diameter of nanogel decreased from 295.3 nm to 141.8 nm when the NaCl concentration 
increased from 0 to 1 wt.%. However, at the salt concentration above 1 wt.%, the diameter 
of nanogels turned to be less influenced by the future increased salt concentration. The 
reason is that the nanogels absorb water and fully swell which is driven by the charged 
moieties on the polymer chains in deionized water (Donnan effect) (Khare and Peppas, 
1995). In this situation, the ionic osmotic pressure induced the low salt concentration get 
into the polymeric networks of nanogels. At a higher NaCl concentration (less than 1 
wt.%), the increased ionic strength weakened the electrostatic repulsions among the 
sulfonic moieties along the polymer chains, which led to the marked shrinkage of nanogels. 
Also, the osmotic pressure was reduced due to the similar ionic strength inside and outside 
the polymeric networks. With a further increased salt concentration, the polymer-solvent 
affinity and crosslinking density started to dominate the swelling of nanogels and the 
diameter of nanogel tend to be constant. In our experiments, the relationship between 
nanogel diameter and salt concentration followed a power trend with an exponent number 
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where Q is the degree of swelling, 𝑖/𝑉𝑢 is the charge density of the polymer, S is the ionic 
strength of the solution, (1/2 − 𝑥1)/𝑉1 is the polymer-solvent affinity, and 𝑉𝐸/𝑉0 is the 
crosslinking density (Flory, 1953).  
Zeta potential is a parameter to evaluate the stability of colloid dispersions and a 
good indicator of the stability of nanogel dispersions. In Figure 3B, the zeta-potential of 
PAMPS-Na nanogels decreased from -82.5 to -18.9 mV with the increased NaCl 
concentrations from 0 to 10 wt.% since the presence of high concentration of NaCl 
suppressed the double layers of polymer chains consisted in the PAMPS-Na nanogels and 
reduced the zeta-potential of nanogels. Although the electrostatic repulsion among the 
nanogels was decreased due to reduced zeta-potential, the nanogel dispersion was stable 
without precipitation in one month at 10 wt.% NaCl (Geng et al., 2018b). 
3.2. EFFECT OF VARIOUS PARAMETERS ON THE NANOGEL FILTRATION 
3.2.1. Salt Concentration Effect.  The salt concentration influences the 
physicochemical properties of nanogel, and thereby the corresponding transport behavior 
through the membrane filter. To investigate the effect of salt concentration on the 
transportation behavior of nanogel dispersions, the nanogel dispersions with various brine 
concentrations were forced through 0.45 µm membrane filter under constant differential 
pressure of 15 psi. The nanogel dispersion with 10 wt.% NaCl concentration was filtered 
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rapidly through the membrane and cumulated 150 mL in 10 min, which is ~2 and 4 times 
faster than the nanogel dispersion with 1 and 0 wt.% NaCl concentration, respectively 
(Figure 4A).  
 



























































Figure 3. The effect of NaCl concentration on (A) the hydrodynamic diameter and (B) the 
zeta-potential of PAMPS-Na nanogel. 
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The filtrated volumes are similar for the nanogel dispersions with NaCl 
concentration from 0 to 0.25 wt.%, even though the diameter of PAMPS-Na nanogel 
markedly decreased from 255 to 190 nm. The equilibrium filtration rate of nanogel 
dispersions followed a logarithmic relationship with the brine concentration as displayed 
in Figure 4B. The equilibrium filtration rate was almost constant at NaCl concentration 
below 0.25 wt.%, which indicated the equilibrium filtration rate is independent with the 
diameter of nanogel. However, the equilibrium filtration rate raised significantly when 
brine concentration increased from 0.25 to 10 wt.%. The probable reason is that the smaller 
nanogel was easier to transport through the membrane at the spurt-out stage and their 
corresponding higher strength prevented the occlusion (Chen et al., 2017).  
 
 









































































Figure 4. Effect of brine concentration on (A)filtration kinetic and (B) equilibrium 
filtration rate (cont.). 
 
 
This phenomenon is contradictory to the filtration behavior of millimeter-sized 
hydrogels that the softer hydrogel particles are easier to transport through the porous 
medium due to the deformability matters (Song et al., 2017). 
3.2.2. Injection Pressure Effect.  The injection pressure is an important factor that 
controlled the transport behavior of colloids through the porous medium. Herein, the 
injection pressure was controlled from 10 to 30 psi in order to study the effect of injection 
pressure on the transport behavior of nanogels through the membrane filter. The cumulative 
filtration volume of nanogel dispersion with 1 wt.% NaCl increased with the injection 
pressure raised from 10 to 30 psi for all the membrane filtration tests (Figure 5A). The 
nanogel dispersion quickly went through the membrane filter in the spurt loss stage under 
the domination of differential pressure that the cumulative filtration volume was larger 
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under higher injection pressure. The nanogels turned to accumulate and form filter cakes 
at the membrane that, in consequence, reduce the filtration rate of nanogel dispersion 
through the membrane (Reddy, 2014). In addition, the equilibrium filtration rate displayed 
a linear relationship with the injection pressure. As shown in Figure 5B, the equilibrium 
filtration rate increased linearly when the differential pressure increased from 10 to 30 psi. 
At the equilibrium stage, the nanogel dispersion was forced through both the filter cake, 
where the nanogel was concentrated, and the membrane filter. Therefore, the membranes 
with smaller pore sizes maintain a lower equilibrium filtration rate due to the easier for 
filter cake formation (Reddy, 2014). In general, more dependences on pressure were 
observed at larger pore sizes compared with those at smaller pore sizes range. 
 
 












































































Figure 5. Effect of differential pressure on (A)filtration kinetic and (B) equilibrium 
filtration rate (cont.). 
 
 
3.2.3. Membrane Pore Size Effect.  The effect of membrane pore size on the 
transport behavior of nanogel dispersions was measured through filtration test using 
membranes with pore size ranging from 0.05 to 0.8 μm. As observed in Figure 6A, the 
cumulative filtration volume of nanogel dispersions was significantly influenced by the 
pore size of the membrane. For example, the cumulative filtration volume reached 82 mL 
through 0.8 μm membrane at 10 mins, which is ~2, ~4, and ~40 times to the cumulative 
filtration volume through 0.45, 0.2, and 0.1 μm membrane, respectively. The nanogel 
dispersions transported rapidly at the spurt loss stage through the membrane with a pore 
size from 0.2 to 0.8 μm. However, the spurt loss was inconspicuous through the membranes 
with a pore size less than 0.1 μm, which indicated the retention of nanogels on the 
membrane. The equilibrium filtration rate increased with an increase in pore sizes under 
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constant pressure (Figure 6B). The increment of equilibrium filtration rate is more 
significantly at specific pore sizes like from 0.1 to 0.2 and from 0.45 to 0.8 μm. For 
instance, the equilibrium filtration rate changed from 0.28 to 1.08 mL/min when the pore 
size increased from 0.1 to 0.2 μm whereas changed from 1.08 to 1.39 mL/min when the 
pore size from 0.2 to 0.45 μm. The similar phenomenon was observed at pore size equal to 
0.45 μm. The multiple regimes of equilibrium versus pore size relationship indicated the 
existence of different transport behavior of nanogel through porous media. In detail, the 
nanogels tended to accumulate at the membrane and hinder the transportation of nanogel 
at pore size smaller than 0.1 μm. The nanogels flowed more easily through the membrane 
with pore size of 0.2 and 0.45 μm and freely transport through the membrane with pore 
size of 0.8 μm.  
 










































































To further illustrate the nanogel transport behavior, the nanogel concentration in 
the effluent and the difference of nanogel diameter before and after filtration were further 
studied. 
3.3. EFFLUENT PROPERTIES FROM VARIOUS PORE SIZE MEMBRANE 
To further illustrate the transport behavior of nanogels through the membrane filter, 
the filtrated effluents were subjected to UV-Vis spectroscopy to examine the nanogel 
concentration. As observed in Figure 7A, the percentage of nanogel transported through 
the membrane increased with the pore size, indicating the retention of nanogels on the 
membranes was dominated by the matching ratio between nanogel diameter and pore size. 
For example, only 60 % of nanogel with a diameter of 145 nm transported through the 0.05 
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µm membrane under 15 psi differential pressure. The percentage of nanogel transported 
through the membrane increased to ~ 100 % when the pore size was larger than 0.45 µm.  
Furthermore, the diameter of nanogels was barely changed after transported 
through the membrane filter, even the membranes with pore sizes much smaller than the 
nanogel diameter (Figure 7B). The results are comparable to the transport behavior of 
millimeter-sized deformable hydrogel particles (Bai and Zhang, 2011). Apparently, the 
nanogels could transport through the small pores by elastic deformation. The integrity 
might be ascribed to the viscoelasticity of the nanogels as a result of the covalent 
crosslinked polymeric network structures. 
 
 





































Figure 7. Properties of filtered nanogels through different pore sizes: (A) nanogel 







































Figure 7. Properties of filtered nanogels through different pore sizes: (A) nanogel 
concentration and (B) average diameter (cont.). 
 
 
3.4. SIZE MATCHING BEHAVIOR OF NANOGELS THROUGH POROUS 
MEDIA 
Resistance factor, the ratio of brine mobility to nanogel dispersion mobility, was 
used to evaluate the transport of nanogels into the porous media. Considered the viscosity 
of nanogel dispersion (1000 ppm) is similar to brine (Geng et al., 2018a), the resistance 
factor can reflect the ability of nanogels in blocking the fluid flow path. The resistance 










where K is the permeability (mD), 𝜇 is the fluid viscosity (mPa∙s), Qw and Qgel are the flow 
rate of brine and nanogel, respectively, at a certain pressure. 
For the small pore sizes, which is smaller than the average diameter of nanogels, 
the resistance factor increases with the pore size (Figure 8A). A peak value of 141 exhibited 
when the ratio of pore size to nanogel diameter is 0.71, which is 0.1 µm of the pore 
diameter, indicating the highest plugging performance. The resistance factor steadily 
decreased with increased pore sizes when the pore size was larger than the average diameter 
of nanogels. The resistance factor results demonstrated a matching relationship between 
the pore size and nanogel diameter should be existed. The relationship between the 
resistance factor and differential pressure is shown in Figure 8B.  
For the 0.1 µm membrane, the resistance factor kept increasing with pressure 
because the pressure forced nanogels accumulating on the membrane and plugging the 
fluid flow path. However, the increasing of resistance factor was dramatically slowed down 
at pressure higher than 25 psi. In this situation, the effect of pressure on nanogel 
deformation overwhelmed the effect on nanogel accumulation that resulted in the no longer 
increased resistance factor.  
For the 0.8 µm membrane, the resistance factor was almost constant with increased 
differential pressure, which indicated the no filter cake was formed on the membrane filter. 
However, the resistance factor, which value was ~25 at this circumstance, indicated the 
flow hindrance during the nanogel transport. The flow hindrance might cause by the 
adsorption of nanogels on the pore internal surface, which resists the fluid transport by 
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Figure 8. Resistance factor of nanogel through membrane under the effect of (A) pore 
size (B) differential pressure. 
 
 
The observed phenomenon can be explained using the transportation model showed 
in Figure 9, which displayed three transportation behaviors of nanogel through membrane 
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with different pore sizes. When the nanogel diameter was larger than the pore size, only 
partially amount of nanogels could penetrate through the pores via elastic deformation 
(Figure 9A). The deformed nanogels would fully occupy the pores and resist nanogels 
continuously get into the same flow path. Thus, the filtrated nanogel concentration was 
much smaller than the initial nanogel concentration. When the nanogel diameter is smaller 
than the pore size and larger than one-third of the pore size, the nanogels would bridge up 
at the inlet of the pores and form efficient plugging (Figure 9B). The bridged nanogels, 
also named as filter cakes, would concentrate the nanogel dispersions by screening. In 
addition, the nanogels that entered into the pores could adsorb onto the pore internal surface 
and further increase the resistance factor. When the nanogel diameter is smaller than one-
third of the pore size, nanogels can easily flow through the pores without plugging (Figure 
9C). In this case, the flow resistance was mainly caused by the adsorption of nanogels onto 




Figure 9. Scheme of nanogel transport behavior. 
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3.5. MATCHING OF NANOGEL AND PORE SIZE OF LIMESTONE CORES 
To further investigate the transport behavior of nanogel in formation rocks, five 
limestone cores with different permeability were used for the filtration tests (Table 2). The 
mean diameter of pores was estimated based on the Carman-Kozeny equation as following 





where d is the mean diameter of pores, k is the permeability (μm2) of the core, fCK is the 
shape factor of Carman-Kozeny, 𝜏 is the tortuosity, and Φ is the porosity. 
In the equation, fCK 𝜏2 is nearly constant between 4.5 and 5.1 based on the empirical 
data. Considering that the cores have similar structure, 4.5 is used as the value of fCK 𝜏2. 
 
 



















1 1 2.51 0.75 15.34 0.58 4.09 
2 1 2.51 1.5 15.64 0.82 5.78 
3 1 2.51 5.1 16.55 1.51 10.65 
4 1 2.51 12.04 16.11 2.33 16.43 




The relationship between the resistance factor and the pore size is shown in Figure 
10. The resistance factor decreased substantially with an increased pore size of cores, which 
is consistent with the previous finding of membranes. For the cores with the permeability 
of 0.75 and 1.5 md, the resistance factors are 18.6 and 10.9, respectively, which are slightly 
lower than the number for membranes with the same pore size. The smaller resistance 
factor may ascribe to the heterogeneous pore size distribution of limestone cores, which 
also indicated the pores with a larger diameter would dominate the transport behavior in 
the pore combination with different sizes.  
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Figure 10. Effect of pore size on resistance factor of nanogel through limestone core. 
 
 
The resistance factor finally reached 1, which means the flow resistance of the 
nanogel dispersion is equal to water, at the pore size larger than 25 times of the nanogel 
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diameter. The results suggest that the nanogel maintains similar transport behavior through 
both membrane filters and formation rocks. After carefully analyzing the pore size 
distribution, the results from corresponding membranes can be used to simulate the 




In this study, the transport behavior of nanogels through the porous membrane was 
investigated using the PAMPS-Na nanogel, whose dispersion was stable in 10 wt.% NaCl 
solution. The DLS results elucidated that the diameter of nanogel was decrease from 295.3 
to 105.7 nm and the zeta-potential increased from -82.5 to -18.9 mV as the NaCl 
concentration changed from 0 to 10 wt.%. The nanogels with smaller diameter were easier 
to transport through the pores than ones with larger diameters. The viscoelastic nanogels 
could penetrate through the pores even smaller than their diameter via elastic deformation. 
The size matching between nanogel diameter and pore size can be ascribed to the transport 
behavior of nanogels that the nanogels can freely go through the pore whose size is three 
times larger than the nanogel diameter. In addition, the nanogels turned to form bridge and 
filter cakes when the pore size is smaller than three times of nanogel diameter. The internal 
surface adsorption of nanogel resisted the fluid flow in the limestone cores. However, as 
the pore size was larger than 25 times of nanogel diameter, the flow resistance from the 
nanogel retention can be neglected. From the filtration tests in limestone cores, the 
nanogels displayed a similar transport behavior in membrane filters. Although it is not 
suitable to directly use mean pore size to calculate the resistance factor and analyze 
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transport behavior of nanogels, the transport behavior measured from membrane filters 
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Nanoparticles have been widely investigated for their EOR mechanisms, such as 
rock wettability alternation, oil displacement by disjoining pressure, and the stabilization 
of emulsion and foam. Nanogels are nano-sized crosslinked polymeric particles that have 
the properties of both nanoparticles and hydrogels. The goal of this study is to investigate 
the oil-water interfacial behavior in the presence of nanogels, especially the dynamic 
interfacial tension and the stability of oil-in-water (o/w) emulsions. The nanogels 
synthesized in this study are able to reduce the oil-water interfacial tension and stabilize 
the o/w emulsions. The diameter and zeta potential of the charged nanogels are 
dramatically influenced by brine salinity, whereas the neutral-charged nanogels are barely 
  
59 
affected by salt. The synthesized nanogels have been stable in distilled water and brine at 
room temperature for more than 60 days. The dynamic interfacial tension results show that 
the nanogels are able to reduce the oil-water interfacial tension to as much as 1/30 of the 
original value. In addition, the interfacial tension reduction is more significant at a higher 
salinity (ranging from 10,000 to 50,000 ppm NaCl concentration). The emulsion stability 
results demonstrated that the stability of emulsified oil drops was controlled by both the 
strength of the adsorbed nanogel layers and the interactions among oil drops. The 
coreflooding experiments have indicated the residual oil can be fragmented and produced 
out in o/w emulsion state. In addition, the diameter of emulsified oil drops in the effluent 
is inversely proportional to the shear rate. The salt-dependent interfacial tension and 
emulsion stability indicated that the appropriate charged nanogel can be a promising 




Nearly 2,000 billion barrels of conventional oil and 5,000 billion barrels of heavy 
oil will remain in reservoirs worldwide after conventional recovery methods are exhausted 
(Thomas 2008). One reason for this is that much residual oil is left in porous media after 
water flushing due to unfavorable wetting conditions and interfacial tension. For example, 
residual oil is trapped at the center of pores and throats in water-wetted reservoirs and on 
the rock surface in oil-wetted reservoirs (Wagner and Leach 1959). Thus, the efficiency 
with which water will displace oil from a porous medium is related to the nature of the 
capillary force that is present. By reducing the oil-water interfacial tension, the capillary 
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forces can be reduced or eliminated, which helps to recover the residual oil (Fanchi 2005, 
Tiab and Donaldson 2015).  
Emulsion system, formed by lowering the interfacial tension between oil and water, 
has been widely investigated and applied for enhanced oil recovery for its potential to 
significantly improve the oil recovery in reservoirs (Weideman 1996, Opawale and 
Burgess 1998). The EOR mechanisms of emulsifiers can be attributed to either reducing 
residual oil saturation by forming micro-emulsions (Pei et al. 2015) or improving sweep 
efficiency by reducing the mobility ratio (Fu et al. 2012). Traditionally, surfactants have 
been studied to form and stabilize the emulsion. However, the unsatisfactory stability of 
corresponding emulsions (Hirasaki 1981, Sheng 2010) and very large adsorption to rock 
surfaces limits their applications in oil fields. Recently, nanoparticles such as nanosilica, 
nano-metallic oxide, nano-clay, and nano-graphene oxide have been investigated for their 
potential to reduce oil-water interfacial tension, stabilize oil-in-water (o/w) emulsion, and 
alter rock surface wettability to enhance oil recovery (Cheraghian and Hendraningrat 2016, 
Ahmadi and Shadizadeh 2012, Yousefvand and Jafari 2015, Cheraghian 2016, El-Diasty 
and Aly 2015). It is well known that the nanoparticles with suitable size and surface 
chemistry strongly adsorb at liquid-liquid and/or liquid/air interfaces because the 
adsorption lowers the total system energy. The emulsion stability is significantly increased 
after adsorbing nanoparticles at the interfaces because they can provide a steric hindrance 
to prevent droplets from coalescing. Although high desorption energy from oil-water 
interfaces suggests promise for the long-term stability of emulsions stabilized by 
nanoparticles (i.e., a Pickering emulsion), salt sensitivity limits applications of these 
nanoparticles to stabilize emulsions (Zhang et al. 2014). Researchers have modified the 
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surface of these nanoparticles by grafting small molecules, oligomers, or polymers on the 
surface of the nanoparticles to increase their stability in brines (Bagwe et al. 2006). 
However, surface modification is usually costly, and it is an energy- and time-consuming 
process because the synthesized/natural nanoparticles need to be redispersed into the 
solvent vehicle and modified, often requiring high temperature. 
Recent work has shown that nano-sized crosslinked polymeric hydrogels 
(nanogels) have similar abilities of interfacial tension reduction and emulsion stabilization 
because their huge surface energy provides irreversible adsorption of nanogels at oil-water 
interfaces and also causes steric hindrance (Bizmark et al. 2014). Dangling polymer chains 
on the surface of nanogels can prevent the coalescence of emulsified oil drops. The 
hydrophilic moieties in polymer chains promise good dispensability and stability of 
nanogels in aqueous solutions, even in brines. The wettability of particles at the oil-water 
interface plays an important role in the formation and stabilization of emulsions. When the 
particles are more hydrophilic (contact angle < 90°), they prefer to immerse in the water 
phase and help to form o/w emulsions, and the reverse behavior is also true (Aveyard et al. 
2003). When nanogels adsorb at the oil-water interface, they deform in an unusual manner: 
the nanogels adsorbed with a flattened morphology at the oil-water interface and prevented 
drops from coalescing (Pinaud et al. 2014). The nanogels were stretched out when the 
surface coverage was low because the free energy gain of covering a larger interfacial area 
was greater when compared to the energy cost of the elastic deformation of nanogels 
(Deshmukh et al. 2015). Hydrophilic moieties in polymer chains and the hydrophobic 
nature of polymer backbones provide amphoteric properties of nanogels at oil-water 
interfaces, which are then similar to Janus nanoparticles. Besides the particle wettability, 
  
62 
swelling caused by osmotic pressure decreasing and charge distribution of nanogels also 
influence the stability of produced Pickering emulsions (Pickering 1907, Ramsden 1904). 
Pascal demonstrated that charges are not required to ensure the stability of soft particle-
stabilized Pickering emulsion and that the number of charges or their spatial distribution 
inside the gel particles or at their periphery does not affect the way gel particles adsorb at 
the oil-water interface. Moreover, the flow properties of corresponding Pickering 
emulsions were not impacted by the charge of gel particles (Massé et al. 2014). Conversely, 
based on Brugger’s results, oil droplets stabilized by charged gel particles were better 
dispersed rather than forming aggregates, which resulted in a significant viscosity increase 
of the emulsion system (Brugger et al. 2008). Some researchers believe that the 
stabilization of droplets is not due to electrostatic repulsion, insisting that viscoelastic 
properties of the interface seem to play a dominant role in determining the stability of 
droplets (Brugger et al. 2010). While electrostatic repulsion within nanogels definitely 
affects the stability of Pickering emulsions, it was neglected by these researchers due to 
the large size and low crosslinking density (low charge density) of their gel particles. The 
addition of salt leads to an increase in the degree of ionization of a pyridyl group in gel 
particles, increasing the hydrophilic character of the particles and hence inducing the 
coalescence of oil drops in water, which means the salinity of brine is crucial to the stability 
of emulsion (Wang and Alvarado 2008). Currently, researchers are interested in the 
stimuli-responsive behavior of soft particle-stabilized Pickering emulsions, especially in 
applications where surfactants are unwelcome (Brugger et al. 2009). However, in oil 
reservoirs, the multi-components in crude oil and the high salinity of formation fluids 
would each play important roles in the properties of corresponding Pickering emulsions. 
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Unfortunately, few researchers have investigated the oil type and the salt concentration 
effects on the properties of corresponding Pickering emulsions. 
In this paper, three nanogels with different charges were synthesized through 
inverse suspension polymerization and evaluated in several brines by corresponding 
techniques. We demonstrated how the decane/water and crude oil/water interfacial tension 
were reduced by adsorbing nanogels at different NaCl concentrations. The o/w emulsions 
stabilized by the synthesized nanogels were prepared through ultrasonic homogenization 
and evaluated at different NaCl concentrations at room temperature. The equilibrium 
emulsion volume and the creaming were used to elucidate the mechanisms of nanogels in 
emulsion stabilization. The shear-induced in-situ oil drop fragmentation with the help of 
nanogels was elucidated by coreflooding experiments. The experimental procedures, 
results, and analysis were described next. 
 
2. MATERIALS AND METHODS 
2.1. MATERIALS 
2.1.1. Nanogels.  The nanogels were synthesized through a suspension 
polymerization using three different monomers (acrylamide, sodium salt of 2-acrylamido-
2-methylpropane sulfonic acid, or [2-(acryloyloxy)ethyl] trimethylammonium chloride) 
and N, N’-methylenebis(acrylamide) (Geng, Ding, et al. 2018). The reaction product was 
precipitated, rinsed by acetone, and isolated using ultracentrifuge. The white precipitation 
was collected and in vacuo dried at room temperature. 
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2.1.2. Nanogel Disersions.  The synthesized nanogels (1,000 ppm) with positive, 
negative, and neutral charges were dispersed in sodium chloride (NaCl) solutions with 
concentrations ranging from 1,000 to 50,000 ppm. 
2.1.3. Oils.  Two oils were used in this study: n-decane (0.92 cP at room 
temperature) and a York crude oil (API 36°, 0.845g/cc, and 9.25 cP at room temperature). 
2.1.4. Rock.  Outcrop Berea sandstones (Cleveland quarries) were obtained from 
12''*12''*12'' core samples. The brine permeability of sandstone cores was ranging from 33 
to 243 mD and the porosity was between 18.79% and 23.86%. Four cores were prepared 
for the coreflooding and pore size distribution tests. The dimensions of these sandstone 
cores are listed in Table 1. 
2.2. METHODS 
2.2.1. Nanogel Size and Zeta Potential Measurements.  The hydrodynamic 
diameter and zeta potential of the synthesized nanogels were measured at different brine 
concentrations from 1,000 to 50,000 ppm in a glass cuvette and a folded capillary cell, 
respectively. Both the hydrodynamic diameter and zeta potential were measured at room 
temperature using a 633 nm laser light at 90° scattering angle. 
2.2.2. Interfacial Tension Measurements.  The interfacial tension between oil and 
nanogel dispersion was determined by the axisymmetric drop shape analysis using the 
pendant drop method (Ramé-hart advanced goniometer 500-F1). The oil drop (decane or 
crude oil) was squeezed into the nanogel dispersion and stayed at the tip of a steel needle 
of a precise syringe. The interfacial tension between the oil and nanogel dispersion was 
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measured as soon as the oil droplet squeezed to its maximum size. The interfacial tension 
values were obtained using the Young-Laplace equation. 
 
 






Porosity (%) Permeability (mD) 
1 2.51 1.99 23.86 187 
2 2.51 1.98 23.62 243 
3 2.51 1.99 23.83 118 




2.2.3. O/W Emulsion Stability Tests.  To prepare the oil-in-water (o/w) 
emulsions, nanogel dispersions were mixed with either decane or crude oil at a volume 
ratio of 9:1. The mixture had a total volume of 20 mL and was emulsified using an 
ultrasonic homogenizer (VC-1500, Sonics & Materials Inc.) with a CV-294 probe at 160 
W for 60 seconds. The volume of the emulsion phase was monitored as a function of time. 
The creaming time of emulsions was considered to be an important parameter to 
characterize the repulsions among the emulsified oil drops, and consequently, the stability 
of the o/w emulsions. 
2.2.4. Drop Size Characterization.  The average diameter of nanogel stabilized 
oil droplets was characterized using an optical microscope (HIROX MXG-2500REZ). One 
drop of the o/w emulsion was dropping at the center of a glass slide and then, covered by 
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a cover glass. Kimwipes were used to remove the emulsion at the edge of the cover glass 
to eliminate the flow of oil drops under the cover glass. The prepared microscopy sample 
was loaded on the holder of the optical microscope for visualization. The average diameter 
of emulsified oil droplets was measured by ImageJ using the analyze particles function. 
2.2.5. Pore Size Distribution Measurements.  Mercury intrusion pore size 
analyzer (PoreMaster 60, Quantachrome Instruments) was used to acquire the pore size 
distribution of sandstone core at both low-pressure range (0.2-50 psi) and high-pressure 
range (20-60,000 psi). Pore size between 3.6 nm and 1,100 mm can be determined when 





     (1) 
where D is the pore diameter (nm); γ is the surface tension of mercury (dyne/cm); θ is the 
contact angle between liquid mercury and the pore wall (°); P is the applied pressure (MPa). 
Herein, γ is 480 dyne/cm, θ is 140°, and mercury density is 13.54 g/cm3. 
2.2.6. Coreflooding Experiments.  Four coreflooding experiments were 
conducted to understand the shear-induced oil fragmentation in the presence of nanogels. 
The apparatus for coreflooding experiments were assembled by an injection pump, an 
accumulator, a core holder, and a measuring cylinder (Figure 1). The nanogel dispersion 
was pushed into the core holder that was packed with 2 cm sandstone core. The cores were 
dried in 130 °C oven and vacuumed before saturated with 50,000 ppm NaCl. The brine 
permeability of each core was measured and then, York crude oil was injected till no water 
came out. Nanogel dispersion was injected till reach the residual oil saturation at a different 
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Figure 1. Schematic of experiments apparatus for coreflooding. 
 
 
3. RESULTS AND DISCUSSION 
3.1. HYDRODYNAMIC DIAMETER AND ZETA POTENTIAL OF NANOGELS 
The dry nanogels were dispersed in several brines. The nanogel dispersions were 
aged at 60 °C for 24 hours to make nanogels fully swell. The hydrodynamic diameter of 
the cationic and anionic nanogels was more sensitive to the salt concentration compared 
with the neutral-charged nanogels (Figure 2). The diameter of anionic and cationic 
nanogels gradually decreased from 273.2 to 248.6 nm and from 207.1 to 170.2 nm, 
respectively, as the NaCl concentration increased from 1,000 to 10,000 ppm. At NaCl 
concentration above 10,000 ppm, the hydrodynamic diameter of charged nanogels was 
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merely influenced by NaCl. The ionic moieties consisting in the nanogels, such as the 
sulfonic groups of anionic nanogels and the quaternary amine of cationic nanogels, 
provided the electrostatic repulsion among the polymer chains that led to the swelling of 
the nanogels. However, the sodium and chloride ions in the brines reduced the electrostatic 
repulsions among the charged groups on the polymer chains, which induced the shrinkage 
of the polymeric networks of nanogels. As a result, the hydrodynamic diameter of charged 
nanogels was smaller at a higher NaCl concentration. Moreover, with the NaCl 
concentration further increasing, the hydrodynamic diameter of the charged nanogels was 
more dependent on the affinity between water and the polymeric networks. Thus, the 
hydrodynamic diameter of charged nanogels became constant at the NaCl above 10,000 
ppm. For the neutral-charged nanogels, the hydrodynamic diameter was slightly affected 
by the NaCl, presumably due to the hydrolysis of amide moieties to carboxylic groups. 
 
 



























Figure 2. Average hydrodynamic diameter of cationic, anionic, and neutral-charged 
nanogels at various NaCl concentrations. 
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Furthermore, the zeta potential of nanogels, a parameter reflecting the stability of 
their dispersions, was related to the NaCl concentration. As shown in Figure 3, the zeta 
potential of anionic nanogels increased by the NaCl from -53.25 to -26.25 mV, whereas 
the zeta potential of cationic nanogels decreased from 47 to 13.75 mV. For the neutral-
charged nanogels, the zeta potential was barely affected by the NaCl and kept ~ -2 mV as 
the NaCl concentration increased from 1,000 to 50,000 ppm. 
 
 































For the nanogel dispersions, a high zeta potential confers the stability of nanogels 
so that the electrostatic repulsions can exceed the attractive force and resist aggregation 
and /or flocculation. At high NaCl concentration, the increased ionic strength reduced the 
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zeta potential of charged nanogels by the screening effect. As a consequence, the 
electrostatic repulsion among the dispersed nanogels was reduced that leads to the 
destabilization of nanogel dispersions. However, compared with rigid nanoparticles, such 
as nanosilica and nano-Fe2O3 (Metin et al. 2011), the hydrophilic polymer chains of the 
nanogels prefer to expand in polar solvents, which enhances the stability of dispersed 
nanogels. 
3.2. SALINITY EFFECT ON THE OIL-WATER INTERFACIAL TENSION 
REDUCTION 
The oil-water interfacial tension is an important factor that influences the strength 
of the interface, or the integrity of the oil drops. The oil drops with lower oil-water 
interfacial tension are easier transporting through narrow pore throats and fragmenting into 
small pieces (Jamaloei and Kharrat 2010). Herein, the interfacial tension between crude oil 
and brines as well as between decane and brines were measured by the pendant drop 
method at room temperature. As shown in Figure 4, the interfacial tension between crude 
oil and water decreased from 37.03 to 28.32 mN/m as the NaCl concentration increased 
from 0 to 50,000 ppm. However, for decane and water, the interfacial tension was not 
influenced by NaCl as much as the one between crude oil and water. The salinity-related 
interfacial tension between crude oil and saline solution was caused by the dissolved 
charged composites of crude oil (Lashkarbolooki et al. 2014). When the salinity of the 
surrounding solution increased, the attraction was increased between the water molecules 
and the crude oil molecules at the oil-water interfaces. Compared with crude oil, the non-
polar property of decane molecules hindered the screening effect from NaCl and resulted 
in the salt-independent interfacial tension. 
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Nanogels can markedly alter the oil-water interfacial properties by adsorption, 
resulting from the huge specific surface due to the small size of nanogels (Fan and Striolo 
2012, Du et al. 2010). The interfacial tension between oil and water can be decreased by 
microgels and nanogels through adsorption (Geng, Pu, et al. 2018, Aveyard et al. 2003). 
The nanogels are able to deform at the oil-water interfaces driven by the polymer-solvent 
affinity and enhance the strength of the oil-water interface. Herein, the dynamic interfacial 
tension measurements between decane/crude oil and nanogel dispersions were performed 
and discussed in detail. A typical interfacial tension kinetic between decane and cationic 
nanogels at 1,000 ppm NaCl was displayed in Figure 5. The dynamic interfacial tension 
can be divided into four stages: the early stage that both the surface area of the pendant oil 
drop and the interfacial tension decreased rapidly; the second stage that the interfacial 
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tension and surface area decreased at a slower rate; the third stage that the surface area of 
the oil drop was kept constant while the interfacial tension kept decreasing; and the last 
stage that the interfacial tension reached the equilibrium value.  
 
 














































Figure 5. Dynamic interfacial tension and surface area of a pendant oil drop of decane 
immersed in cationic nanogel dispersion at 1,000 ppm NaCl. 
 
 
Compared with the nanoparticles reported by Bizmark (Bizmark et al. 2014), the 
decrease of the oil-water interfaces in the presence of nanogels was much faster due to the 
higher diffusivity of the nanogels. After the early stage, which was dominated by the 
diffusion process of nanogels from the nanogel dispersion to the oil-water interface, the 
ordering and rearrangement of nanogels at the interface started to control the interfacial 
tension kinetic (Dugyala et al. 2016). At the second stage, the coverage of nanogels at the 
oil-water interface continuously increased, leading to a further decrease in both interfacial 
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tension and surface area. When the nanogels had high coverage at the oil-water interface, 
the adsorbed nanogels hindered the continuous adsorption of nanogels from the dispersion, 
and the deformation of nanogels contributed to the reduction of interfacial tension. At the 
last stage, the kinetic reached an equilibrium state with no more change in the interfacial 
tension. The surface area slowly increased, presumably due to the buoyance of the pendent 
oil drop. 
Interfacial tension kinetics were recorded using three nanogel dispersions (cationic, 
anionic, and neutral-charged nanogels) at different NaCl concentrations with two kinds of 
oil (decane and crude oil) at room temperature (Figure 6). All the dynamic interfacial 
tension exhibited similar profiles, suggesting that the nanogels functioned in a similar 
fashion of reducing interfacial tension, even at different NaCl concentrations. The 
decane/water interfacial tension was reduced from ~26 to ~11, 4, and 8 mN/m by cationic, 
anionic, and neutral-charged nanogels, respectively. The time to achieve the equilibrium 
state of neutral-charged nanogels was the shortest among that of the anionic and cationic 
nanogels. Moreover, the equilibrium interfacial tension of nanogels was influenced by the 
NaCl concentration of the nanogel dispersions, and both low and high salinity helped to 
further reduce the decane/water interfacial tension. 
The dynamic interfacial tension profiles between crude oil and water were similar 
to those between decane and water. However, the brine concentration effects on the 
equilibrium interfacial tension were different. As shown in Figure 7, the equilibrium 
interfacial tension between crude oil and water was in inverse proportion to the NaCl 
concentration by adsorbing cationic nanogels. The anionic and neutral-charged nanogels 
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also showed similar behavior, and at 50,000 ppm NaCl concentration, the equilibrium 
interfacial tension achieved its minimum value. 
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Figure 6. Dynamic interfacial tension between decane and water in the presence of (A) 
cationic nanogels, (B) anionic nanogels, and (C) neutral-charged nanogels at NaCl 
concentrations varying from 1,000 to 50,000 ppm. (D) Equilibrium interfacial tension 
between decane and water at various NaCl concentrations with nanogels. 
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Figure 6. Dynamic interfacial tension between decane and water in the presence of (A) 
cationic nanogels, (B) anionic nanogels, and (C) neutral-charged nanogels at NaCl 
concentrations varying from 1,000 to 50,000 ppm. (D) Equilibrium interfacial tension 
between decane and water at various NaCl concentrations with nanogels (cont.). 
 
 
Nanogels decreased the oil-water interfacial tension through forming an 
irreversible adsorbing layer at the oil-water interface. The ability of nanogels to reduce 
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interfacial tension was related to not only the diameter but also the mechanical strength of 
the nanogels (Thieme et al. 1999).  
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Figure 7. Dynamic interfacial tension between crude oil and water in the presence of (A) 
cationic nanogels, (B) anionic nanogels, and (C) neutral-charged nanogels at NaCl 
concentration varying from 1,000 to 50,000 ppm. (D) Equilibrium interfacial tension 
between crude oil and water at various NaCl concentrations with nanogels. 
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Figure 7. Dynamic interfacial tension between crude oil and water in the presence of (A) 
cationic nanogels, (B) anionic nanogels, and (C) neutral-charged nanogels at NaCl 
concentration varying from 1,000 to 50,000 ppm. (D) Equilibrium interfacial tension 
between crude oil and water at various NaCl concentrations with nanogels (cont.). 
 
 
At a low salinity (e.g. 1,000 ppm NaCl), the larger size of nanogels hindered the 
continuous adsorption and limited the number of nanogels adsorbed at the oil-water 
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interface. Meanwhile, the weak mechanical strength of nanogels at a low salinity rendered 
the nanogels efficiently deformed, which resulted in high coverage of nanogels at the oil-
water interfaces. The nanogels became smaller and more rigid at a higher salinity and 
influenced the interfacial tension by their coverage at the oil-water interface vice versa. 
Furthermore, the sodium and chloride ions in brines would reduce the electrostatic 
repulsion among the charged nanogels at the oil-water interface, which markedly increased 
the stability of adsorbed nanogel layers. Thus, high salinity enhanced the ability of 
nanogels to reduce oil-water interfacial tension. 
3.3. SALINITY EFFECT ON THE O/W EMULSION STABILITY 
The emulsion breaks are generally considered to be governed by Brownian 
flocculation, creaming, sedimentation flocculation, and Ostwald ripening. Among these 
mechanisms, creaming is a separation of an emulsion into two emulsions with different 
disperse phase content. Although creaming is not an actual emulsion breaking, it is the 
precursor of coalescence of the disperse phase. The creaming rate can be estimated using 




      (2) 
where υ is the creaming rate (cm/h); r is the droplet radius (μm); ρ is the density of the 
disperse phase (kg/m3); ρo is the density of the continuous phase (kg/m3); g is the local 
acceleration (9.8 m/s2); and μ is the viscosity of continuous phase (mPa·s). Commonly, a 
creaming rate less than 1 mm per day is considered negligible. 
In our experiments, the emulsion stability was elucidated by the creaming and the 
emulsion volume kinetics. Figure 8 and Figure 9 show the photos of o/w emulsions 
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stabilized by the nanogels immediately, 1 day, and 15 days after the ultrasonic 
homogenization. As shown in Figure 8, an obvious creaming was found in the o/w 
emulsions stabilized by neutral-charged nanogels. The decane/water emulsion stabilized 
by neutral-charged nanogels at 1,000 ppm NaCl quickly creamed in 1 day whereas the 
creaming process was prolonged at higher NaCl concentration. However, the creaming 
became more markedly at a higher NaCl concentration for decane/water emulsions 




Figure 8. Photos of decane/water emulsions stabilized by (A) cationic nanogels, (B) 
anionic nanogels, and (C) neutral-charged nanogels at various NaCl concentrations 





Figure 9. Photos of crude oil/water emulsions stabilized by (A) cationic nanogels, (B) 
anionic nanogels, and (C) neutral-charged nanogels at various NaCl concentrations 
immediately, at 1 day, and 15 days after the ultrasonic homogenization. 
 
 
In addition, the creaming rate calculated using Stokes' equation was from 8.5 to 
1,200 cm/d, which is much faster than the creaming rate observed in our experiments. 
Generally, the emulsified oil droplets spontaneously float up due to the differential density 
between oil and water. The charged nanogels hindering creaming feature indicated that the 
creaming of emulsion was controlled by both the buoyancy of emulsified oil droplets and 
the interparticle forces. Although the charges from nanogels introduced electrostatic 
repulsions among the adsorbed nanogel layers at the oil-water interfaces of each emulsified 
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oil droplet, the sodium and chloride ions from NaCl significantly reduce the electrostatic 
repulsion. As a result, the nanogel stabilized o/w emulsions displayed a salt-related 
creaming phenomenon. 
The crude oil/water emulsions displayed a similar profile to the decane/water 
emulsions. However, the nanogel-stabilized crude oil/water emulsions were more stable 
than the decane/water emulsions. In detail, the crude oil/water emulsions stabilized by 
cationic nanogels rapidly creamed in 1 day while the emulsions stabilized by anionic and 
neutral-charged nanogels can stand longer time without creaming. More specifically, the 
emulsions stabilized by anionic nanogels at NaCl concentration below 5,000 ppm can stand 
more than 15 days without significant creaming. The negative charge of crude oil enhanced 
the dispersity of emulsified oil drops by increasing the electrostatic repulsion among oil 
drops and nanogels. Nevertheless, the similar charges of crude oil and anionic nanogels 
hindered the adsorption of nanogels at the oil-water interface, which resulted in an unstable 
o/w emulsion. 
In the equilibrium emulsion volume versus NaCl concentration curve (Figure 10), 
the nanogel-stabilized decane/water emulsions displayed a salt-independent behavior that 
the emulsion stability was not affected by the NaCl concentration. In contrast, the crude 
oil/water emulsions stabilized by nanogels showed salt-related stabilities. In all, the 
decane/water emulsions had similar stability at various NaCl concentrations while the best 
stability of crude oil/water emulsions occurred at 1,000 ppm NaCl concentration for 
anionic and neutral-charged nanogels. The emulsion stability was controlled by the 
strength of the adsorbed nanogel layers and the interactions among emulsified oil drops 
(Cunningham et al. 2017, Chevalier and Bolzinger 2013). At a high NaCl concentration, 
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the nanogels were smaller and more rigid at the oil/water interfaces. As the strength of 
nanogel layers was relayed on the coverage of nanogels at the oil/water interfaces, the 
softer and smaller nanogels were more likely to form a stronger adsorbed layer.  
 
 










































































Figure 10. Equilibrium emulsion volume of (A) decane/water emulsions and (B) crude 
oil/water emulsions stabilized by nanogels at various NaCl concentrations. 
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In addition, the electrostatic repulsion among adsorbed nanogel layers shielded the 
oil drops to prevent coalescence. Although the crude oil/water emulsions stabilized by 
anionic nanogels were very stable at low NaCl concentrations (<2,000 ppm), the salinity 
influenced the emulsions more obviously than emulsions stabilized by neutral-charged 
nanogels due to the screening effect from added salt. In our previous study, we found that 
the oil-to-water ratio has a positive effect on equilibrium emulsion volume whereas the 
stability of emulsion shows a similar trend and the ratio varies from 1:9 to 5:5 (Geng, Pu, 
et al. 2018). Therefore, the salinity and the charge of nanogels have more significant 
impacts on emulsion stability than the oil-to-water ratio. Our results suggested that nanogel 
sustains reliable stability of o/w emulsion, especially at high salinity conditions (ranging 
from 10,000 to 50,000 ppm NaCl concentration). 
3.4. SHEAR-INDUCED EMULSIFICATION 
The shear-induced emulsification is the behavior that the residual oil drops are 
spontaneously fragmented, stabilized, and produced out during nanogel flooding. In our 
experiments, four corefloodings were conducted at five different injection rates each to 
evaluate the effect of nanogels on shear-induced emulsification in sandstone cores. The 
shear rate was controlled by using sandstone cores with different pore size distribution and 
controlling the injection rate of nanogel dispersion. The core properties are listed in Table 
1. All corefloodings were performed at room temperature, and the nanogel dispersion 
(nanogel concentration=1,000 ppm; NaCl concentration=50,000 ppm) was injected at 
injection rates from 0.25 to 1.25 mL/min. In addition, the core was held horizontally to 
eliminate the influence of gravity on emulsification. The effluents were collected for oil 
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drop diameter analysis. After coreflooding, the sandstone cores were thoroughly cleaned 
by hot toluene and dried in 130 °C oven. Then, mercury intrusion pore size analyzer was 
used to measure the pore size distribution of the cleaned sandstone cores (Table 2). 
 
 
Table 2. Average pore diameter of sandstone cores. 
Sandstone core 1 2 3 4 
Average pore diameter 
(μm) 
17.7 16.9 17.3 9.37 




The shear rates in sandstone cores under different injection rates are calculated 




       (3) 
where u is the superficial flow rate (cm/s); τ is the tortuosity; Φ is the porosity; ra is the 
average prous radius (cm). The calculated shear rates are listed in Table 3. 
In the early stage of the nanogel injection, the oil was produced in the pure oil 
phase. As the oil saturation decreasing, the oil started to be produced in o/w emulsion state. 
In general, the o/w emulsion stability is related to the diameter of emulsified oil droplets. 
The nanogel stabilized o/w emulsions with an average oil drop diameter from several to 
tens of microns are stable at room temperature for more than 30 days (Geng, Pu, et al. 
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2018). In steady shear flow, the oil drop fragmentation is determined by a balance of the 
viscous stress and the interfacial pressure as shown in the following equation (Zhao 2007): 
𝜇?̇?~ 𝜎 𝑟𝑏⁄         (4) 
where μ is the viscosity of the continuous phase (mPa·s); γ is the shear rate (s-1); σ is the 
interfacial tension (mN/s); rb is the thread radius at the breakup (μm).  
 
 
Table 3. Shear rate in sandstone cores under different injection rates. 
Injection rate 
(mL/min) 
1 2 3 4 
0.25 34.66 s-1 36.67 s-1 35.50 s-1 83.13 s-1 
0.5 69.31 s-1 73.33 s-1 71.01 s-1 166.26 s-1 
0.75 103.97 s-1 110.00 s-1 106.51 s-1 249.40 s-1 
1 138.63 s-1 146.67 s-1 142.01 s-1 332.53 s-1 




The drop fragment mechanism is controlled by the capillary number and viscosity 
ratio of dispersed phase to the continuous phase. When the viscosity ratio is larger than 1, 
long wavelength capillary instability generates large satellite drops, which leads to 
emulsions with a bimodal distribution. In this situation, the average radius of final drops is 
dominated by the shear rate and proportional to the thread radius at breakup (Tjahjadi et 
al. 1992). Herein, the average radius of emulsified oil droplets was acquired by optical 
microscope and calculated using ImageJ. As shown in Figure 11, the red line is the fitting 
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average radius vs. shear rate curve based on equation 3 and 4. The average radius of 
produced oil drops significantly decreased when the shear rate changed from 35 to 70 s-1 
and turned to be constant at shear a rate above 70 s-1. 
 
 
























Figure 11. Average radius of emulsified oil drops at different shear rates. 
 
 
The functionalities of nanogels for shear-induced emulsification are: first, the 
nanogels can adsorb at the oil-water interface and reduce the oil-water interfacial tension. 
The lower interfacial tension increased the capillary number and lead to oil fragment under 
shear. Second, after adsorbing at the oil-water interface, the nanogels turned into an 
irreversible adsorbing layer and prevented emulsified oil drops coalescence. Third, the 
nanogels can adsorb onto the rock surface and turn the rock wettability to strong water-wet 





The nanogels with different charges synthesized in this study can adsorb at the 
oil/water interfaces and reduce the oil/water interfacial tension. The o/w emulsions 
stabilized by the synthesized nanogels are able to be stable at various NaCl concentrations. 
The following conclusions can be drawn from this study: 
1. The swelling ratio of anionic and cationic nanogels is related to NaCl 
concentrations, whereas the swelling of neutral-charged nanogels is independent of NaCl 
concentrations. 
2. The zeta potential of charged nanogels is dominated by the NaCl concentration: 
the higher the NaCl concentration, the lower the zeta potential (absolute value) of nanogels. 
3. The nanogels are able to reduce the oil/water interfacial tension by adsorbing at 
the oil/water interfaces. Among the three nanogels in this study, anionic nanogels have the 
best performance in interfacial tension reduction. 
4. The equilibrium oil/water interfacial tension decreases with an increased NaCl 
concentration. 
5. The creaming of nanogel-stabilized o/w emulsions is dominated by the 
electrostatic repulsions among the emulsified oil drops and dispersed nanogels. The 
emulsions stabilized by charged nanogels have a longer creaming time than ones stabilized 
by the neutral-charged nanogels. 
6. The emulsion stability is dominated by the charge of nanogels and the salinity. 
For crude oil/water emulsions, the charge from crude oil can affect the performance of 
charged nanogels in emulsion stabilization.  
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7. The interfacial tension kinetic and emulsion stability are influenced by the oil 
types. The interfacial tension of negative-charged crude oil reduced faster and reached a 
lower equilibrium value than that of decane. Furthermore, the crude oil-in-water emulsion 
is more stable than the decane-in-water emulsion. 
8. The coreflooding experiments have demonstrated that the residual oil can be 
emulsified and produced out with the help of nanogels. The diameter of emulsified oil 




 D = pore diameter (nm) 
 g = local acceleration (m/s2) 
 P = applied pressure (MPa) 
 r = droplet radius (μm) 
 𝑟𝑎 = average prous radius (cm) 
 𝑟𝑏 = thread radius at the breakup (μm) 
 u = superficial flow rate (cm/s) 
 v = creaming rate (cm/h) 
 𝜏 = tortuosity 
 𝛷 = porosity 
 𝜇 = viscosity of the continuous phase (mPa·s) 
 𝜌 = density of the disperse phase (kg/m3) 




 γ = surface tension of mercury (dyne/cm) 
 ?̇? = shear rate (s-1) 
 𝜎 = interfacial tension (mN/s) 
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Recent researches show the abilities of nano-sized crosslinked polymeric particles 
(nanogels) and low salinity water (LSW) in recovering residual oil. However, the synergy 
between nanogels and LSW are not clear, especially in porous media. Herein, we 
synthesized poly (2-acrylamido-2methylpropane sulfonic acid, sodium salt) (PAMPS-Na) 
nanogels and studied their size and zeta potential in formation water (FW), seawater (SW), 
and LSW. The combination of PAMPS-Na nanogels and LSW effectively altered the 
wettability of limestone surface from strong oil-wet to intermediate-wet. The adsorption of 
PAMPS-Na nanogels at the oil-water interface rendered ultra-low interfacial tensions 
between crude oil and salines. For the kinetic adsorption in limestone cores, the PAMPS-
Na nanogels displayed a solute-like reversible adsorption behavior in FW and SW whereas 
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an irreversible adsorption behavior in LSW. The limestone flooded with LSW and 
PAMPS-Na nanogels achieved a 62.4% ultimate oil recovery. These results suggest that 
the synergistic effect between LSW and nanogels offers a promising platform for 
enhancing oil recovery. 
Keywords: Nanogel; Low salinity water flooding; Wettability alteration; Interfacial 




Carbonate reservoirs as a vital source of fossil energy contain more than 60% of 
the world’s remaining hydrocarbon reserves [1]. A large amount of oil cannot be extracted 
after primary and secondary recovery due to the specific characteristics of carbonate 
formation [2]. Most carbonate reservoirs are proposed to be oil-wet or mixed-wet after 
aging with crude oil at formation temperature [3]. The formation water (FW) of carbonate 
reservoirs is usually extremely saline as high as 250,000 ppm [4]. The rock heterogeneity, 
low porosity, and low permeability also make oil difficult to produce in carbonate 
reservoirs. Because of these unfavorable conditions, oil recovery is usually very low (10-
30%) [5]. Therefore, the development of effective tertiary recovery method for carbonate 
reservoirs has lately received great attention. 
Low salinity water (LSW), has been widely reported to be a promising EOR method 
in the last two decades [6, 7]. In 1967, LSW flooding was first disclosed through core 
flooding experiments with 14% additional oil recovered by decreasing injection brine 
salinity [8]. For carbonate reservoirs, LSW, by diluting seawater (SW) several times, has 
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reported improved oil recovery up to 20% in laboratory scale and 7% in two field trials [9, 
10]. The underlying mechanisms of LSW flooding in carbonate reservoirs are proposed as 
dissolving carbonate minerals, altering wettability of carbonate surface towards water-wet 
and reducing oil-water interfacial tension depend on specific condition [11-13]. Previous 
researchers revealed LSW has a substantial potential to enhance oil recovery and the most 
significant improvement achieved using 10 times diluted SW [14]. Since no SO4
2−  ion 
exists in FW, small amount of SO4
2−  ion can cause a noteworthy change on the rock 
wettability [15]. The determining ions (Ca2+, Mg2+, and SO4
2−) in SW cause electrostatic 
interactions between water and oil on rock surface, which help release more crude oil from 
rock surface [16, 17]. For LSW, decreasing the NaCl concentration results in the reduction 
of non-active ions concentration at carbonate surface and catalyzing the surface reactions 
[18].  
Nanogels are nanoparticles composed of a cross-linked hydrophilic polymer 
network with large surface area, flexible size (swelling and de-swelling), and affinity to 
both oil and water (amphiphilic) [19]. The diameter of nanogels is usually in 20-100 nm 
range which can be adjusted in the polymerization process during synthesis [20]. Recently, 
polyacrylamide-based nanogel has attracted extensive interest in petroleum industry [21, 
22]. It has the advantages of both inorganic nanoparticles and sub-micron gel particles, 
such as low viscosity, temperature and salt resistance [23, 24]. In the meanwhile, the 
nanogels are able to reduce relative permeability of water more than that of oil because of 
the hydrophilic polymeric networks in nanogels [25]. In field scale pilot tests, nanogel 
flooding has been successfully conducted and increased oil cut up to 25% in the initial 6 
months of the treatment [26]. The laboratory experiments claimed nanogel has a lasting 
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impact on deep diversion and enhanced oil recovery up to 10% [21, 27]. Previous work 
illustrated the brine salinity has significant impacts on swelling ratio, zeta-potential, and 
the interfacial tension reduction ability of nanogels [28]. Although some research works 
on nanogel properties under various brine salinities have been published, the interactions 
between LSW and nanogels in enhanced oil recovery are still not clear.  
To clarify the synergistic effect between LSW and nanogels, we evaluated the 
combination of nanogels and various brines (FW, SW, and LSW) as EOR agents through 
a comprehensive investigation on nanogel properties, surface interaction and oil recovery 
efficiency. The hydrodynamic diameter and the dispersion stability were evaluated by 
dynamic light scattering (DLS). In addition, we investigated the surface modification 
properties of nanogel dispersed in FW, SW and LSW and the kinetic adsorption processes 
on the limestone surface. Furthermore, the core flooding experiments were performed to 
study the synergistic effect between nanogel and SW/LSW on enhanced oil recovery. This 
research elucidated the underlying EOR mechanisms of nanogel as a novel agent 
cooperated with FW, SW, and LSW for carbonate reservoirs. 
 
2. MATERIALS 
2.1. NANOGEL DISPERSIONS 
All chemicals and reagents in this study were purchased from Sigma-Aldrich (St. 
Louis, MO). The poly (2-acrylamido-2methylpropane sulfonic acid, sodium salt) (PAMPS-
Na) nanogels is synthesized by free-radical suspension polymerization as reported in our 
previous work [29]. The crosslinker to monomer ratio is 0.001 mol/mol. The diameter of 
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nanogel is in 40-60 nm in the dried state. In this study, the nanogel dispersions (2,000 ppm) 
were prepared by adding 0.2 wt% nanogel powders in different brines (FW, SW, and LSW) 
and aging in the oven at 60 °C for 24 h. The dispersions were cooling to room temperature 
(25 °C) before further experiments. 
2.2. BRINES 
All brines (FW, SW, and LSW) were prepared in our laboratory by dissolving a 
certain amount of salts (NaCl, NaHCO3, Na2SO4, CaCl2, and MgCl2) in deionized water. 
The compositions of FW and SW from the carbonate reservoir in North Sea are shown in 
Table 1 [4]. The LSW is 10 times diluted SW. 
 
 








Na+ 15,745 10,345 1,034 
K+ 0 390 39 
Ca2+ 9,258 521 52 
Mg2+ 607 1,093 109 
SO4
2− 0 2,305 230 
Cl- 42,437 18,719 1,871 
HCO3
- 0 122 12 





The Indiana Limestone cores used in the following experiments are from Kocurek 
Industries INC. The nine cores with similar properties were shown in Table 2. The first 
three cores (No. 1-3) were used for adsorption and desorption tests. The rest six cores (No. 
4-9) were prepared for core flooding experiments. 
2.4. CRUDE OIL 
York crude oil (API 36°, 0.845g/cc, 9.25 cP) was used in this study from TMD 
Energy, Inc. The properties were measured at room temperature (77 ˚F). 
 
 










1 2.51 6.05 13.30 15.5 
2 2.51 6.09 13.41 16.1 
3 2.51 6.07 13.19 14.4 
4 2.51 6.10 15.30 22.8 
5 2.51 6.11 15.14 20.0 
6 2.51 6.11 13.99 20.1 
7 2.51 6.09 14.98 17.8 
8 2.51 6.03 14.17 18.6 




3. EXPERIMENTAL METHODS AND EQUIPMENT 
3.1. NANOGEL SIZE DISTRIBUTION AND SURFACE CHARGE STUDIES 
In this study, hydrodynamic diameter and zeta-potential of nanogels were measured 
by dynamic light scattering (DLS) (Malvern NanoSizer ZS90). The measurements were 
carried out at a scattering angle of 90° with the light source (He-Ne laser, 4.0 mW 633 nm) 
at 25 °C. The average diameter and zeta-potential were calculated by the arithmetic average 
of 9 runs for nanogel dispersed in each brine. 
3.2. CONTACT ANGLE MEASUREMENTS 
In this study, core chips (1 inch in length) were used for the contact angle 
measurements. Since the nature limestone surface without oil contact was water-wet, we 
pretreated all chips by soaking in oil at 110 ℃ for 5 days to reach the oil-wet condition 
(Figure 1). Then, the chips were flooded by various solutions (brines and nanogel 
dispersions). The equilibrium contact angle was measured between crude oil and various 
solutions on the limestone surface. The measurements were performed at 25 °C using the 
sessile drop method. 
3.3. DYNAMIC INTERFACIAL TENSION MEASUREMENTS 
The dynamic interfacial tension between crude oil and different fluids (brines and 
nanogel dispersions) was measured by the axisymmetric drop shape analysis using a 
pendant drop method (Ramé-hart advanced goniometer 500-F1). The interfacial tensions 
were calculated based on the Young-Laplace equation. The dynamic interfacial tension 
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measurement started as soon as the crude oil drop was squeezed out through a hooded 




Figure 1. Contact angles of limestone cores during aging. 
 
 
3.4. KINETIC ADSORPTION MEASUREMENTS 
In this study, three cores with similar properties were used to quantify nanogel 
adsorption during their transport in porous media. The apparatus setup for adsorption 
kinetic experiments is shown in Scheme 1. Prior to the test, limestone cores were saturated 
with FW, SW, and LSW, separately. Then, the nanogel dispersed in corresponded brine 
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was continuously injected into each core at 0.1 mL/min. The nanogel concentration in 
effluents was measured by the UV-Vis spectrophotometer (Shimadzu Mini-1240). The 
injection continued until the effluent concentration reached the injection concentration. 
Afterward, post brine flooding was conducted to study the retained nanogel concentration. 





Scheme 1. Scheme of apparatus for kinetic adsorption and core flooding experiments. 
 
 
3.5. CORE FLOODING EXPERIMENTS 
To investigate the synergistic effect between LSW and nanogel on enhanced oil 
recovery, the injection pressure, water cut, and oil recovery were recorded during core 
flooding experiments. The experimental apparatus was the same as the ones for adsorption 
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measurement as shown in Scheme 1. For a typical experiment, the limestone core was 
vacuumed and saturated with FW. Then, the core was flooded by crude oil and aging at 
110 ℃ for 5 days. The FW was injected into the core to reach the residual oil saturation at 
a constant flow rate of 0.1 mL/min. Afterward, 1 PV nanogel dispersion was injected. Post 
brine flooding was conducted until reaching the equilibrium pressure. 
 
4. RESULTS AND DISCUSSION 
4.1. NANOGEL SIZE DISTRIBUTION AND SURFACE CHARGE STUDIES 
The dry nanogels were dispersed in three brines (FW, SW, and LSW) and aged at 
60 °C for 24 hours to ensure the nanogels fully swelled. As shown in Figure 2A, the 
diameter of nanogels gradually decreased from 197.4 to 145.1 nm, and finally 117.3 nm 
with an increased brine salinity from 3,349 ppm (LSW) to 33,497 ppm (SW) and 68,050 
ppm (FW). The swelling of nanogel is controlled by the crosslinking degree, polymer-
solvent affinity, and the charge density [30]. Herein, the sulfonic groups consisting of the 
nanogels provided the electrostatic repulsion among the polymer chains that led to the 
swelling of the nanogels. However, monovalent and divalent ions in the brine screened the 
electrostatic repulsions among the polymer chains, which induced the shrinkage of the 
polymeric networks of nanogels. As a result, the hydrodynamic diameter of nanogels was 
smaller at a higher brine salinity.  
Furthermore, the zeta potential of nanogels, a parameter reflecting the stability of 
their dispersions, was related to the brine salinity. In our experiments, the zeta potential of 
the PAMPS-Na nanogels increased with the brine salinity (Figure 2B). For the nanogel 
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dispersions, a high absolute value of zeta potential (>15 mV) confers the stability of 

































































Figure 2. The effect of brine salinity on (A) the hydrodynamic diameter and (B) the zeta-
potential of PAMPS-Na nanogels. 
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In such condition, the electrostatic repulsions among dispersed nanogels can exceed 
the attractive force and hinder aggregation and/or flocculation. For the nanogels dispersed 
in the FW, the concentrated ions reduced the zeta potential by the screening effect. Thus, 
the electrostatic repulsion among the dispersed nanogels was reduced and led to the 
destabilization of nanogel dispersions. However, the hydrophilic polymer chains of the 
nanogels prefer to expand in polar solvents and enhance the stability of dispersed nanogels. 
As a consequence, the PAMPS-Na nanogels exhibited excellent stability in all three brines 
without precipitation for 30 days. 
4.2. CONTACT ANGLE RESULTS 
The wettability is an important factor affecting the multiphase flow and fluid 
distribution in porous media of oil reservoirs. SW, LSW, and nanogel have been proven to 
alter the wettability of rock surfaces in previous studies [12, 32]. To investigate the 
synergistic effect between brines and nanogels, the static sessile drop experiments were 
carried out on the limestone surface. In detailed, a drop of crude oil was placed on the 
limestone surface, which had been flooded by a certain brine at room temperature. The 
contact angles between brines (FW, SW, and LSW) and the crude oil were shown in Figure 
3. The initial rock surface was strong oil-wet (contact angle=162.17˚) after aging in crude 
oil at 110 ℃ for 5 days. The contact angle was barely changed after FW flooding (contact 
angle=160.85˚), whereas the contact angle decreased to 156.40˚ after SW flooding. For 
LSW flooding, the contact angle was reduced more obviously to 147.45˚. In our 
observation, LSW can alter rock wettability more than SW, which is in line with the works 
of other researchers [33, 34]. The SO4
2− in SW and LSW will adsorb on the rock surface 
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and decrease the affinity between crude oil and rock, which result in the contact angle 
reduction [35]. Specifically, the dissolution of anhydrite on limestone surface was 




Figure 3. Contact angles of limestone cores flooded by different brines. 
 
 
To understand the synergy between nanogels and brines on wettability alteration, 
the contact angle of limestone was measured after treated by the combination of nanogels 
and three brines (Figure 4). A noticeable improvement in the wettability alternation was 
found by combining PAMPS-Na nanogels and brines. The contact angles of limestone 
cores were 137.72˚, 122.73˚ and 103.68˚ in the combination of PAMPS-Na nanogels and 
FW, SW, and LSW, respectively. The core surface was modified from strong oil-wet to 
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intermediate-wet after flooding by the combination of nanogels and LSW. The nanogels 





Figure 4. Contact angles of limestone cores flooded by the combination of PAMPS-Na 
nanogels and different brines. 
 
 
After adsorption, the hydrophilic sulfonic groups consisting of nanogels can attract 
and spread water on the surface of limestone core by dipole-dipole interaction [32]. In the 
high salt salinity state (i.e. FW), the concentrated ions induced the shrinkage of nanogels. 
As a result, the hydrophobic polymer backbones shielded the hydrophilic functional groups 
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and weakened the ability in wettability alteration. Our observation claimed the synergistic 
effect between nanogels and LSW for wettability alteration. 
4.3. INTERFACIAL TENSION MEASUREMENTS 
Research has shown that the interfacial tension is a critical parameter for the 
mobilization of residual oil [36]. The ionic composition in flooding water, especially the 
concentration of monovalent and divalent ions (Na+, Ca2+, Mg2+, Cl- and SO4
2−), has a 
significant effect on the dynamic interfacial tension between crude oil and water [11, 37]. 
In our experiments, the initial oil-water interfacial tension is ~30 mN/m and decreased to 
8.41, 5.29, and 6.31 mN/m in FW, SW, and LSW, respectively (Figure 5A). Although the 
interfacial tension between oil and brines were barely different, the lowest interfacial 
tension was found in the SW. The high concentration of SO4
2− ions in SW can effectively 
reduce the oil-water interfacial tension at a fast rate. After combining the brines with 
PAMPS-Na nanogels (2,000 ppm), the oil-water interfacial tension decreased in a much 
faster manner (Figure 5B). Moreover, the dynamic interfacial tension exhibited a similar 
profile in the combination of nanogels and different brines, which illustrates the effect of 
nanogels overwhelmed the effect of different ionic composition on the interfacial tension 
reduction. Specifically, the oil-water interfacial tension was 1.99, 1.49, and 2.32 mN/m in 
the corresponding combination of PAMPS-Na nanogels and FW, SW, and LSW. Although 
the deformability of the polymeric nanogels was maximized in LSW, the large particle size 
hinders the optimization of nanogels coverage at the oil-water interface. In all, the 
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Figure 5. The dynamic interfacial tension between crude oil and brine/nanogel. 
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4.4. ADSORPTION AND DESORPTION KINETICS OF NANOGELS 
Compared with millimeter- and micro-sized gel particles, nanogels have different 
transport behavior in porous media. The nanogels can easily transport through the 
formation rock without surface plugging because their size is generally much smaller than 
the pore throats [38, 39]. When the size of the pore throat is 3 times larger than the nanogel 
diameter, nanogel will not form effective plugging at the pore throat [40]. Nevertheless, 
the nanogels can adsorb on the rock surface controlled by the van der Waals attraction and 
electrostatic force. In order to understand the transport and retention behavior of the 
PAMPS-Na nanogels in the limestone cores, nanogel dispersions (2,000 ppm nanogel in 
FW, SW and LSW) were injected through limestone cores till the nanogel concentration in 
effluent approaching the concentration of injection. Subsequently, the corresponding 
continuous medium (FW, SW or LSW) was post flushing to desorb nanogel from the rock 
surface. 
The kinetic adsorption and desorption of nanogel dispersed in FW are shown in 
Figure 6A as a function of effluent volume. The adsorbing of nanogels on the rock surface 
was fast at the beginning of the injection and slowed down till reaching the equilibrium 
state at 2.5 pore volume (PV). At the equilibrium state, the cumulative adsorption amount 
was 0.167 mg/g. After post flushing with FW, the concentration of the retentive nanogels 
decreased to 0.019 mg/g. Meanwhile, the similar trends of adsorption and desorption 
kinetics indicated that the nanogels dispersed in FW maintained a reversible adsorption 
behavior like hard particles [39]. This phenomenon elucidates the affinity between nanogel 
and rock surface is smaller than the hydrodynamic force from 0.1 mL/min FW flushing. In 
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such condition, the nanogels can be desorbed from the rock surface and transport together 
with the post flushing FW. 
The adsorption and desorption results for nanogel dispersed in SW were shown in 
Figure 6B. Although the experiment was performed at the same condition as the previous 
one, the nanogel had a longer adsorption and desorption process in SW (>4 PV). Compared 
with the nanogels dispersed in FW, the nanogels in SW were softer and larger. Thus, the 
diffusion and adsorption process were extended because the softer nanogels requires a 
longer time to reach a pseudo-static state [41]. The nanogel retention concentration was 
0.029 mg/g that indicated similar solute-like reversible adsorption behavior as rigid 
particles. 
For the experiments of nanogel dispersed in LSW, the adsorption and desorption 
kinetics displayed different trends (Figure 6C). In detail, the adsorbing rate was higher than 
the desorbing rate before 7 PV effluent came out and the maximum adsorption 
concentration was 0.259 mg/g. The desorption reached equilibrium condition in 3.5 PV 
with 0.117 mg/g total retention due to the large affinity force between nanogel and rock 
surface. The van der Waals interaction energy between rock surface and nanoparticles can 













)]     (1) 
where AH is the Hamaker constant, a is the radius of nanoparticle, and D is the distance 
between the nanoparticle and surface. The van der Waals force will rapidly decrease with 
distance increasing. Based on the equation, the large nanoparticles have more attraction 

















































































Figure 6. Adsorption and desorption of nanogel in FW, SW, and LSW. 
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To further illustrate the adsorption mechanism, experimental data were analyzed 
by the two kinetic equations for surface adsorption. The Lagergren pseudo-first-order 
kinetic model equation is expressed as Eq. (2) [43]: 
𝑑𝑞𝑡
𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡)     (2) 
where qt is the adsorption density at time t, mg/g; qe is the adsorption density at equilibrium, 
mg/g; t is the kinetic adsorption time, min; and k1 is the pseudo-first-order adsorption rate, 
min-1. The equation was integrated and rearranged as the following linear Eq. (3): 
ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡    (3) 
The pseudo-second-order kinetic equation is as Eq. (4): 
𝑑𝑞𝑡
𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)
2     (4) 
where k2 is the pseudo-second-order adsorption rate, min
-1. The equation was integrated 









      (5) 
The modeling results of pseudo-first-order equation and pseudo-second-order 
equation have been displayed in Figure 7A and Figure 7B respectively. Our adsorption data 
are fit much better by pseudo-second-order model than the pseudo-first-order equation. 
The modeling results of two equations are listed in Table 3. For the pseudo-second-order 
model, the regression coefficients (R2) are great than 0.98 for all three cases. However, the 
R2 values of the pseudo-first-order model are lower than 0.90 and it is below 0.40 for the 
adsorption of nanogel dispersed in FW. The good fitting of the pseudo-second-order model 
indicated nanogel adsorption was driven by more than one factor. The effect of van der 
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Waals force on the adsorption process of nanogels cannot be overwhelmed by the 
electrostatic attraction, which is opposite with our previous observation in sandstone [32]. 
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4.5. CORE FLOODING TESTS 
The core flooding experiments were conducted to find out the best scenario to apply 
nanogel injection and understand the synergistic effect on the EOR in a carbonate reservoir. 
Herein, we investigated the effect of ionic composites of flooding fluid on the oil recovery, 
water cut, and differential pressure in the limestone cores. As shown in Figure 8A, the oil 
recovery became constant at 29.2% and the water cut achieved 100% after 1 PV effluent 
was collected during FW flooding. The oil recovery was increased to 41.2% by following 
SW flooding and further increased to 46.7% by LSW flooding. The differential pressure 
rose sharply at the early stages of each brine flooding and gradually reduced to ~5.5 psi 
(Figure 8B). The SO4
2− enriched SW can displace 12% more oil from the limestone core 
after FW flooding.  
 
 













































Figure 8. Core flooding results of FW, SW and LSW flooding. 
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Figure 8. Core flooding results of FW, SW and LSW flooding (cont.). 
 
 
In FW condition, the negative charged carboxylic group (-COO-) in crude oil 
affixed on the limestone surface [44]. When negatively charged SO4
2− introduced by SW, 
SO4
2− can adsorb on rock surface and encourage Ca2+ to become a new calcium carboxylate 
complex [45]. As a result, the crude oil will be released from rock surface. The LSW with 
lower concentration of nonactive ions can catalyze this surface reaction and lead to 
additional oil recovery. 
To investigate the synergy between the PAMPS-Na nanogels and brines, five core 
flooding experiments with different flooding fluids, especially the carrier fluid of nanogels. 
For the first scenario, the FW was injected until the water cut reaching 100%. 
Subsequently, 1 PV of nanogels dispersed in FW was injected into the limestone core 
chasing by FW flooding. The cumulative oil recovery achieved 29.5% after the first FW 
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flooding as shown in Figure 9A. The oil recovery increased by 8.7% during the nanogel 
dispersion injection and further increased to 50.2% after the post FW flooding. The 
enhanced oil recovery mechanisms can be partially illustrated through the differential 
pressure profile in the core flooding experiment (Figure 9B). The differential pressure 
gradually decreased from ~16 to ~6 psi during the FW flooding due to the reduction of 
flow resistance caused by two-phase flow [45]. During the injection of nanogel dispersion, 
the differential pressure kept increasing. Under this condition, the nanogels adsorbed onto 
the rock surface and narrowed the diameter of pores and throats. Consequently, the 
differential pressure gradually increased during the injection of nanogel dispersion. In the 
post FW flooding process, the differential pressure kept decreasing, which was probably 
caused by the further reduction in oil saturation. 
 
 
















































Figure 9. Core flooding results of FW, nanogel in FW and post FW flooding. 
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Figure 9. Core flooding results of FW, nanogel in FW and post FW flooding (cont.). 
 
 
In the second and third scenarios, the limestone cores were post-flooding by SW or 
LSW after nanogel dispersion injection (Figure 10 and Figure 11). The increment in oil 
recovery by SW and LSW flooding is 10.7% and 12.2%, respectively. Compared with the 
increased oil recovery by post FW flooding in the first scenario, the switching in post-
flooding fluid did not show a marked difference. Although the swelling ratio of the 
PAMPS-Na nanogels is much larger in LSW and SW than in FW, the post-flooding time 
was too short for the nanogels to response to the surrounding environments. Moreover, 
based on our desorption results, the residual amount of PAMPS-Na nanogels dispersed in 
FW was inconspicuous. Thus, it hardly existed any synergies between the LSW/SW and 





















































































Figure 10. Core flooding results of FW, nanogel in FW and post SW flooding. 
 
 
To eliminate the influence of responding rate on the synergistic effect, we injected 
the nanogels full swelled in SW or LSW subsequently after FW flooding. As shown in 
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Figure 12, the oil recovery increased 8.3% by the injection of the PAMPS-Na nanogels 
dispersed in SW and 11.9% by the post SW flooding.  
 
 

















































































Figure 11. Core flooding results of FW, nanogel in FW and post LSW flooding. 
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Figure 12. Core flooding results of FW, nanogel in SW and post SW flooding. 
 
 
Compared with the increment oil recovery by the PAMPS-Na nanogels dispersed 
in FW, the combination of SW and nanogels barely maintained any synergistic effect. In 
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contrast, the oil recovery increased 11.3% by the PAMPS-Na nanogels dispersed in LSW 
and 17.4% by the post LSW flooding (Figure 13). An evident synergistic effect between 
LSW and the PAMPS-Na on oil recovery was found. 
 

















































































Figure 13. Core flooding results of FW, nanogel in LSW and post LSW flooding. 
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This phenomenon was corresponding to the sorption behavior of the PAMPS-Na 
nanogels in limestone cores. The residual of the PAMPS-Na nanogels dispersed in LSW 
was significantly higher than the ones dispersed in SW and FW. After adsorbed on the 
limestone surface, the diameter of pores and throats were significantly reduced that led to 
the markedly increasing in differential pressure. The oil recovery was increased by either 
diverting chasing fluid to unswept pores and throats or moving the trapped oil. In addition, 
the nanogels in LSW can alternate the oil-wet rock surface to more water-wet, which helps 




This work developed an understanding of the mechanisms of nanogel combined 
LSW in oil recovery enhancement. Herein, we investigated the nanogel properties in 
different brines, the behavior of nanogels and LSW combination in wettability alteration, 
IFT reduction, kinetic adsorption, and oil recovery performance in limestone cores. The 
hydrodynamic diameter of nanogels decreased with brine salinity increasing. The zeta 
potential tests shown the PAMPS-Na nanogels exhibited excellent stability in all three 
brines (FW, SW, and LSW), and no precipitation was found in nanogel dispersions for 30 
days. In contact angle measurements, LSW has the ability to alter rock surface towards 
water-wet more than SW. The interfacial tension tests illustrated nanogel has overwhelmed 
impact on reduction the interfacial tension between crude oil and brines with different ionic 
composition. The synergistic effect between LSW and nanogel was found on both 
wettability alteration and interfacial tension reduction. The pseudo-second-order kinetic 
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model can perfectly fit our experimental data of nanogel adsorption on the limestone 
surface. It indicated the adsorption was driven by both van der Waals force and electrostatic 
attraction during nanogel transport through porous media. The nanogel dispersion in FW 
was found having the highest adsorption rate. The retention of nanogel in LSW is much 
higher than nanogel in FW or SW. The core flooding results revealed LSW recovered more 
oil than SW after primary FW flooding. After 1 PV nanogel dispersion injection in the 
secondary mode, the post flush by different brines (FW, SW, and LSW) reached similar 
ultimate oil recovery. The notable oil recovery enhancement was found by combining 
nanogel with LSW, which identified the synergistic effect between these two methods for 
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3. CONCLUSIONS AND RECOMMENDATIONS 
3.1. CONCLUSIONS  
In summary, the objectives listed in the introduction section have been achieved. 
The conclusions are sorted by each paper as follows. 
In the first paper, the transport behavior of nanogel through the porous membrane 
was investigated using the PAMPS-Na nanogel, whose dispersion was stable in 10 wt.% 
NaCl solution. The DLS results elucidated that the diameter of nanogel was decreased from 
295.3 to 105.7 nm and the zeta-potential increased from -82.5 to -18.9 mV as the NaCl 
concentration changed from 0 to 10 wt.%. The nanogels with smaller diameters were easier 
to transport through the pores than ones with larger diameters. The viscoelastic nanogel 
could penetrate through the pores even smaller than their diameter via elastic deformation. 
The size matching between nanogel diameter and pore size can be ascribed to the transport 
behavior of nanogel that the nanogel can freely go through the pore whose size is three 
times larger than the nanogel diameter. In addition, the nanogel turned to form bridge and 
filter cakes when the pore size is smaller than three times of nanogel diameter. The internal 
surface adsorption of nanogel resisted the fluid flow in the limestone cores. However, as 
the pore size was larger than 25 times of nanogel diameter, the flow resistance from the 
nanogel retention can be neglected. From the filtration tests in limestone cores, the nanogel 
displayed a similar transport behavior in membrane filters. Although it is not suitable to 
directly use mean pore size to calculate the resistance factor and analyze transport behavior 
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of nanogel, the transport behavior measured from membrane filters could be applied after 
knowing the pore size distribution of cores. 
In the second paper, the nanogels with different charges synthesized in this study 
can adsorb at the oil/water interfaces and reduce the oil/water interfacial tension. The o/w 
emulsions stabilized by the synthesized nanogels are able to be stable at various NaCl 
concentrations. The swelling ratio of anionic and cationic nanogels is related to NaCl 
concentrations, whereas the swelling of neutral-charged nanogels is independent of NaCl 
concentrations. The zeta potential of charged nanogels is dominated by the NaCl 
concentration: the higher the NaCl concentration, the lower the zeta potential (absolute 
value) of nanogels. The nanogel is able to reduce the oil/water interfacial tension by 
adsorbing at the oil/water interfaces. Among the three nanogels in this study, anionic 
nanogels have the best performance in interfacial tension reduction. The equilibrium 
oil/water interfacial tension decreases with an increased NaCl concentration. The creaming 
of nanogel-stabilized o/w emulsions is dominated by the electrostatic repulsions among the 
emulsified oil drops and dispersed nanogels. The emulsions stabilized by charged nanogels 
have a longer creaming time than ones stabilized by the neutral-charged nanogels. The 
emulsion stability is dominated by the charge of nanogel and the salinity. For crude 
oil/water emulsions, the charge from crude oil can affect the performance of charged 
nanogels in emulsion stabilization. The interfacial tension kinetic and emulsion stability 
are influenced by the oil types. The interfacial tension of negative-charged crude oil 
reduced faster and reached a lower equilibrium value than that of decane. Furthermore, the 
crude oil-in-water emulsion is more stable than the decane-in-water emulsion. The 
coreflooding experiments have demonstrated that the residual oil can be emulsified and 
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produced out with the help of nanogel. The diameter of emulsified oil drops in the effluent 
is inversely proportional to the shear rate. 
In the third paper, the mechanisms of nanogel combined low salinity water in oil 
recovery enhancement were studied. Herein, we investigated the nanogel properties in 
different brines, the behavior of nanogel and low salinity water combination in wettability 
alteration, interfacial tension reduction, kinetic adsorption, and oil recovery performance 
in limestone cores. The hydrodynamic diameter of nanogel decreased with brine salinity 
increasing. The zeta potential tests shown the PAMPS-Na nanogel exhibited excellent 
stability in all three brines (formation water, seawater, and low salinity water), and no 
precipitation was found in nanogel dispersions for 30 days. In contact angle measurements, 
low salinity water has the ability to alter rock surface towards water-wet more than 
seawater. The interfacial tension tests illustrated nanogel has overwhelmed impact on 
reduction the interfacial tension between crude oil and brines with different ionic 
composition. The synergistic effect between low salinity water and nanogel was found on 
both wettability alteration and interfacial tension reduction. The pseudo-second-order 
kinetic model can perfectly fit our experimental data of nanogel adsorption on the 
limestone surface. It indicated the adsorption was driven by both van der Waals force and 
electrostatic attraction during nanogel transport through porous media. The nanogel 
dispersion in formation water was found having the highest adsorption rate. The retention 
of nanogel in low salinity water is much higher than nanogel in formation water or 
seawater. The core flooding results revealed low salinity water recovered more oil than 
seawater after primary formation water flooding. After 1 pore volume nanogel dispersion 
injection in the secondary mode, the post flush by different brines reached similar ultimate 
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oil recovery. The notable oil recovery enhancement was found by combining nanogel with 
low salinity water, which identified the synergistic effect between these two methods for 
enhanced oil recovery. 
3.2. RECOMMENDATIONS 
In our experiments, the EOR mechanisms of nanogel are proposed as wettability 
alteration, interfacial tension reduction, pore throat plugging, and shear-induced 
emulsification. Even though the core flooding experiments were performed, the flow and 
displace behavior of nanogel in the porous media is still unknown. The microfluidic model 
could be used to visualize the nanogel transport and displacement behavior in pore scale. 
Besides, the shear-induced emulsification process also can be studied during nanogel 
flooding. 
In addition, further experiments are suggested to conduct at reservoir temperature 
with various kinds of oil. In our experiment, we performed all the experiments at room 
temperature with decane and york crude oil. It is valuable to study the nanogel properties 
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